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ABBREVIAt「IONS

AA：ascorbic　acid

A’】巨M：　ata09ゴia　telal）giectasia　mutated

A1m：A工M　a血d　Rad3－related

BmNPV：Bombyx　mor匡nucleopolyhedroVirus

且．”20■罐：Bombyx　mori

BrdU：5－bromo－2－deoxyuddme

CDK：cyclin岬endent㎞郎e

Col：colcel皿id

IDCFH－DA：2’，7’－dichlorofluorescin　diacetate

DDW：double　distilled　water

DMSO：dh血ethyl　sul］［bXide

E¢d：ecdysis

EGTA：o，　o’－bis（2－aminoethyl）ethyleneglyco1－N，　N，　N，，　N，・tetraace廿c　acid

ELISA：enZyme－1i　lked　immunosorbent　assay

ERK：eXtracellUlar　，signal－related　kinase

冊S：鯛bo椥e　se㎜
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FITC：血uoresce㎞isothiocyanate

IVn：day　n　ofthe　fourth　larval　stage

HCS：head　capsule　slipPage，

即：hydroxytrea

IR、：ioniZing　radiation

JH：juvenile　hon皿one

JINfKISAPK：c・Jun　N・terminal　kinase∫stress・ac‡ivated　protein　Idnase

LSC：laser　scanning　cytometer

MAPK：mitogen宇activated　protein　kinase

PAGE：POIyacrylamide　gel　electrophoresis

PI：propidium　iodide

P】MT：photomU　ltipl圭er　tUbe

PVDF：pelyVinyliden　dMuoride

RNase：ribonuclease

ROS：reaclive　oxygen　species

RT－PCR、：Reverse　transcriptien－polymerase　chain　reac目on

SB：SB202190　（p38　ir血ibitor）

SD：standard　deviation
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SUMMARY

　　　血sect．　growt±i　is　greatly　’infiUencedもy　ambient　telnperature．　Abnormal　high　temperatureS・　induce

growth　arrest　in　insectS　but　the　causes　are　obscure．　These　stress　tempera施re　is　not　harm釦1　to

homoeothemic　an血nals，　indica血g　that　the・tempe耐ure　se皿s三tivity　of　insect　grow出is　caUSed　by

special　mechallisms　fbr　insects．　However，　it　is　di岱cult　to　examine　the　temperature　effects　on’i皿sect

gfowth　because　of　complexity　of　temperature　reaction．　Tb　resolve　this　probIem紐d　study　the

temperatUre　stress　on　insect　ce11s，　I　used　insect　cell　line　that　provides　unifomm　experimental

condi60ns　and　s㎞plifies　temperature　reacdons．

　　　The　influence　of’tempera加re　on　the　BmN　cell　line　which　is　derived丘om　the　silkwo皿，　Bombpa

緬，was’ 奄獅魔?唐狽奄№≠狽?пD　These　cells　pr・1i舳疵迦accel醐t・d　pace杣・t・mp・・a撤e㎞・rea・e・

廿om　22－30°C，　but　the　grow出rate　slowed　down・　at　34°C，　and　pro鞠ration　stoppe｛i　at　38°C．　At　high

temperatures，　abnormal　cellular　morphology　was　observed．　Cells　treated　at　38℃had　cytoplasmic

bi－lateral　protrusions　and　they　gradually　aggregated　and　fioated　in　the　mediurn．　BmN　ceUs　without

P，噛a輪at　38・C　were　viab1・but　hav…duced　DNA軸esis．　Laser　scanning　・cyt6metry

．amalysis　revealed血atat軸tempe伽・…th・cell・y・1e°fB血N　cells　halted　a品e　G・p㌦

　　　Next，　the　mecha垣sms　of　heat－induced　G2　arrest　were　exam㎞ed．　I　Iboused　the　f旨ctols．mvolved　in

transition丘om　G2　to　M　phase　and　analyzed　the　expression　pro五le　of　cell　cycle　regψ6血g　genes　by
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real－time　PCR．　No　significant　di艶rellce　was　observed　in　their　expression　levels　between　26　and

38°C，suggesting　that　the　G2　arrest　is　regulated　in　protein　leveL　Because　proceeding　・to　M　phase

needs　dephosphorylation　of　Cdc2　by　Cdc25　phosphatase，　the　phosphorylation　level　of　Cdc2　was

examined　by　Western　Blotting　us血1g　phospho－Cdc2　speci血c　antibody．　The　higher　phosphorylatiOn

level　which　・shows　inactiΨe　state’．of　Cdc2　was　detected　in　the・cells　・cul　uured　at　38°C．　The　involveme且t

of　p38　mOK　actiΨation　by　high　temperature　stress．　in　the　cell　cycle　arrest　was　confir　ned　．using　p3’8

spec迂ic刷bitoちSB202190．

　　　The　close　relationship　betWeen　high．　tempera加re　stress　and　oxidative　stress　has　been　showed　in

maロy　reports；ln　facち2㌔7，－dich　lorofluorescin　diacetate，　which　is　an　oxidation－se皿sitive　fiuorescent

probe，　showed　the　generation　of　reactive　oxygen　species（ROS）in　BmN　cells　incubated　at　high

tempe蜘』．　F・・m舳res司ち1・pe幽te舳at甑・・Xidativ・st・ess・ccu・・ed血heat・treated・ce！1・

caused　the　cell　cycle　inhibition，　This　was　verified　by　the　recovery　effect　of　antiox三dant　on　the

heat一辻iduced　cell　cycle　arrest，　Tfea加ent　with　ascorbic　acid　delayed　p38　MAPK　phospholylation　and

suppressed　G2’　arrest　under　high　tempera血皿e．　These　results　show　that　the　gene：atio且of　ROS　by　high

temperature　induces　celi　inju正y　such　as　DNA　damage　and　activates　G2「M　checkpeint　pathway　in

insect　cells．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・

　　　Tb　co血n　whether　the　inhibitory　effectS　of　high　temperatUre　observed　in　insect　cel持ines　are

occurred　in　silkworm　eells，1　investigated　the　influence　of　high　temperatUre　on　the　．proliferation　and
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division　of　larval　hemocytes．　Al廿10ugb　the　to楓number　of　hemocytes　i皿the　Iarval　body　hlcTeased

eno㎜ously　over　time　at　26°C，　no　increase　of　the　cells　was　observed　at　38℃．　The　number　of

mitotic　hemocytes三n　circロlation　increased　・between　days　l　and　2　of　the　fburt　1　larvaI　stage．at　26°C，

whereas　fewer皿itoses　were　observed　at　38℃．　Laser　scanning　cytometry　revealed　that　the　DNA

content　of　hemocytes　collected　fro皿fburth－stadium　larvae　was　predominantly　2C，4C，　and　8C，　and

the　propor目on　of　each　type　of　hemocyte　changed　dynamically　with　development　du血g　the　fourth

insur．　The　propor目on　of　hemocytes　with　a　higher　DNA　content　increased　gradua皿y　during　the

feeding’phase，　then　．decreased　during　the　molti　lg　phase　at　26°C，　wliile　no　decrease　of　DNA　content

waS・　observed　at　38°C．　The　heat－induced　accumulation　of　8C　hemocytes　’was　m血ly　detected　in

granulocytes　and　plasmatecytes．　Fu曲ermore，　the　level　of　phosphorylated　Cdc2　increased　in

hemocytes廿om　silkworms　reared　at　high　temperature．　These　data　suggest　that　high　temperature

stress　a　lso　induced　G2　arrest　in　larval’・he皿ocytes．

　　　This　s加dy　showed舳t　abnom敬igh　temperature品r　ins蜘趾uced　gene蝋on　of　ROS　i血

insect’　cells　and’　the　ox三dative　damages　cause　G2「M　chec1【poi皿t　pathway　mediated　by　p38　activation．　’1

、。n、lude・that・the・heat．induced、。11・yd・a・・e・t　i・amaj・r’・reas・n・why・inse・t・9r・w血is緬biie勒y

high　temperature　s柚ss・
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GE’NERAL　INTRODUCTION

　　　TemperatUre・has　profbund醐uence　on　living　o培anisms　and　its　change　has　marked　effectS　o血

m飢yphysi・1・9iCal・pr・cesses（Schmidt－Ni・1・en9　1997）．　Al血・ugh　tempe’ratUe　in・・eas・鞠1・rat・・

most　process，1iving　o培a曲ms　have　the　range　of　tempera血鵬s　they　can　tolerate．　Exceeding　the

temperature　range’causes　various　damages　to　o唱a㎡sms　and　finally　death．血1sectS　are　poWlothermic

animal　and　therefbre　highly　influenced　by　amblent　temperature．　Many　researchers　have　been

attracted　to　temperature　reactions　of　insects　and　studied　the　reactions　in　various　insect　species

（Chapman，1998）．

　　　1皿nuences　of　temperatUre　are　various　and　observed　i且whole　insect　life　cycle　and　ma皿y

phenomena．　Diapaロse　is　a　characteristic　event　of　insect　and　it　is　interesting　as　a　teMpera加re　reaction．

Tb　break　diapause，　diapausing　insects　must　spend　a　ce識in　period　of　time辻1　a　special　c皿dition　such

as　low　temperature，　which　is　necessary　fbr　the　tem戊量nation　of　diapause（Andrewarth亀1952）．

Mo1血g　and　metamorphosis　are　alse　attractive齢omena　in　insects・　and　controlled　by　endo。加e

ba三ance．　Temperature　afilec‡s　on廿亘s　endoc血e　balance．　Wiggleswo酪（1972）fbund　that　Iow

temperature　upse口he　ho櫛one　balance　slightly　in　favor　of　the　juvenile　hormone　whereas　high

temperatUre．　slightly　favors　ecdysone．　The　emergence　of　species　is　timed　so　that　the　life　history三s

sync㎞o寵ed舳s噛ble　envim㎜e蜘1　condi甘ons㎝d由e　mee血g　o抽e㈱鵠x郎is血cili血ted．
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Synchrohization　of　biological　event　to　the　env丘on皿ent　results　f『em　the　common　reaction　of　the

members　of　a　spe。ies　to　the　environment　Temp暇ture　is　particularly　imporrtant　in伽s　pOint　since’ito

a　large　eXte血t　it　govei　nS　the　rate　of　development　’and　the．actiΨity　ofithe　insect．

　　　There　is　no．　good　evidence　that□1sects　possess　specialized　tempera加re　receptors．　However，　in

grasshoppers　the　sensitiΨity　to　tempera血1re三s　considered　to　be　widely　dist品uted　over　the　body，

although　the　antennae　and　tarsi　are　more　sensitive　than　other　parts（Chapma叫1998）．　E醍yme

actiVity　of　insectS　increases　with　temperature．　The　greatest　enzyme　actiVity　occuis　at　45－50°C，　but

the　acdvity　is血ai皿taj皿ed　only　for　short　pedods．　Enzymes　are　dena血皿ed　at　high　tempera斑res，　and

long　Periods　oΨer　40°C　resUlt　in　i皿activation　of　this　enzyl皿e．　TemperatUre　reaCtions　of麺sect…are

slightly　different　alnong　the　same　species　m　their　geographical　distribution．　Many　strE血s　of

silkwo血，　Bombyr　mor匡are　maintained・量n　Japan　and　other　ceunnies．　Differences　in　the

characteristic　among　the讃a正s　res1Ut｛｝om　acclhnatiza杜on　to　enVironment　includi　lg　tempera加re．

All　of　the　above－ment三〇ned　phenomena　show　that　insectS　are　olosely　related　to　telnpera撤e　amd

血1dicate　that　insect　life，　espec三ally　the　growth，　is　regulated　by　tempera血rre・TemperatUre桓crease

usuaUy　promotes　insect　growth　but曲no㎝al　high　temperature　rather　in垣bits　it

　　　Temperature　effectS．　on　・insectS　are　complex　and　obscure・　For　example，　when　insectS　are　reared　at

high　temperatMre，　the　groWth　might　be　i血ibited　as　a　resUit　of　high　temperatUre　effectS　on壺e

亘oco血otion，　feeding，　d三gβstion　and　．so　on．’Endocrine　and　nervous　system　are　also　affected　by　high

13



temperatUre．　Et　seems　to　・be　impossible　to　grasp　al1’　of　these　eomplex　reaCtio皿s　caused　by　temperature．

To’　resolve　this　problem，1　focused　on　・insect　’cultured　cells．　Many　insect　Cell　1ines　．　are　established

aE［ink，1970；Lynn，1995；血nanishi召t　al．，2003；Eguchi　and　Iwabuchi，2006）and　esp㏄ially　util麺ed

in　protein　．expression　system（Murhammer，1991；Altma皿et　al．，1999）．　Th、ese　CeU　I三nes　maintain　the

properties　of　derived　insect　cells’　and　are　expected’　to　have　temperatue　reacti皿as　well　as　the　inseCt．

Using　insect　cultured　cens　unifies　the　experimental　co皿ditions　and　simplifies　the　temperature

reactions，　and　then　the　effectS　of　temperature　on　insects　would　be　understood　in　cellUlar　leve1．

Although　many　literatufes　about　influences　of　temperature　on　insectS　exisちthere　is　a　little

㎞owledge　of　tempera血rre　influences　on　insect　cell　1ines．

　　　In　C｝IAPTER　l　of　this　thesis，1　investigated　the　effectS　．Of　temperatUre　on　BmN　cell　derived　f『om

silkworm，　Bombyx　mori’．］【n　Japan，　Bomlりec　has　been　well　・stUdied　because　of　flourish　i　1　sericultural

indust正y　a血d　vast　literatUres　have　been　’accumulated．　Furthermore，　whole　genome　shotgロn　sequence

was　performed　and　silkworm　genome　d曲lbase　was　enliched　recendy価ta吻1．，2004）．　From　these

advantages，　BmN　cell　was　selected廿om　many　insect　ce11撫es．　BmN　cells　were　usually　cultUred　at

25－28°C，such　as　adequate　tempera加res　to　rear　silkwerms．1　predicted　that　cUlture　．Of　B血N　cells　at

various　temperatures・．　showS　the　direct・effects　of　temperatures　On　inseet　cells．　ln　facち　the　arrest　of　cell

cyc］e　in　G2　phase　was　observed　in　sttess　temperatUres（high　and　low．temperatUres）．

　　　In　CHAPTER　2，1　pursued　the　．mechanism　of　cell　cycle　arrest　unde凸igh　temperature・Cell　cycle

14



a1Test　in　G2　pha昼e　is　often　obse正Ψed　in　cells　exposed　to　stress　eonditions，　such　as　ioni乞ing　radiation

and　osmotic　shock（Dmitrieva．et　al．，2001；de　Vries　et・al．，2005；Clotet　et　al．，2006）．　The　G2　arrest　is

controIIed　by　cell　cycle　checkpoint　pathway（Pearce　and　Hump止rey；2001）．　EXtreme　high

temperature（a皿d　eXtreme　low　temperature）is　also　co皿sidered　to　be　ohe　of　stress　conditions　fbr

insects」therefbre　speculated　that　the　checkpoint　mechanism　involved　in　heat－induced　cell　cycIe

arrest　I　also　examined　wllether　the　high　temperature　induced　oxidative　stress　a皿d　the　・stress　eaused

cell　cycle　arrest　in　insect　cells，　because　it　is　argued　that　high　temperature　related　to　oXidative　stress

㎞many　species（Harari　e「　al、，1989；Kim召t　al．，2006）．

　　　Fi皿ally　in　CHAPTER　3，1　verified　the　possibility　that　the　heat－hlduced　cell　cycle　arrest　occurred

in　the　silkwo㎝．　Hemocytes　were　used　in　tltis　study　since　thLe　cells　are　easy　to　isolate丘om

silkworms　and　cell　cycle　analysis　needs　many　separated　cells．　But　there　are　two　po口1ts　to　be

considered　in｛malysis　in　the　silkwo㎜．　It　is　known　that　．cell　division　in　insectS　are　regulated　by

molting　homone　and　fluctuates　through、　the　molthlg　cycle（Gardiner　and　Stra血d，2000；Koyama　et　al．

2004；Truman　et　al．2006）．拓Addido皿，㎞sec輌ve　many　polyploid。ells（Smith　and　Orr－Weaver，

1991；Edgar　and　Orr－Weaver，2001）．　These　are　serious　problems　fbr　cell　cycle　analysis．　To

understand　proliferation　pattem　and　DNA　content　of　s三lkworm　hemocyte　is　important　fbr

examination　of　high　tempera加re　effects皿hemocyte　cell　cycle．　I　first　cleared　the　preliferation

pattern　of　hemocyte　ill　the　fourtli　larval　stage　and廿1en廿1e　e丘ects　of　high　temperatUre　on　the
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CHAPTER　f

High　Temperature　Causes　Arrest　of　Cell：　Cycle　in・G2　Phase　inl　BmN

　　　　　　　　　　Cells　1｝erived飾om抱e　Si1㎞o　rm，　Bombyx　mori

掴TROOUC’「ION

　　　The　close　relationship　be‡ween　insectS　and．　temperature　has　been　s加died　extensivelヱw三tili』most

stUdies　observing　of’inseCt　behav三〇r　at　Iow　and　high　temperatures，　or　insect　resistance　to　heat　and

cold（Chapmξ団」1998）．　The　occurrence’　of　diapause　and　physiological　adaptatiens　in加sects　expo5ed

to　Iow　tempera加res　havβalso　been　examined　in，detail（Cymborowski，2000；Denlinger，　2002）．　Heat

shock　protein　is　discovered　m　P村oぷqρ緬α描召lanogczster　while　i且vestiga薗ng　tolerance　meo11訓sms

a9血rt、high、temp，蹴，（A、hb蛭，皿d　B。皿er，　1979），　and・the・heat・sh・。k　resp・nses・f・diffetent

thennotolera1並races　of　the　mUlberry　silkworm，　Bombyx　meri　have　been　also　reportedσoy　an、d

Gopi皿athan，1995）．　The　developmental　period　of　insects　is　’knewn　to　shorten　in　response　to　incre…rsed

temperatures，　and　this　rela目onship　has　been　examined　in　a　nunlber　of　insect　speciesg　and　equations

rela痂ng　env加㎜en副tempe蜘e　to　developme劇time　have　been。ol蜘cted醐麗1eswo曲，

1972）．The　relationship　between　the　rearing　temperature　and　growth　of」Bombyx　mori　has　been

investigated　by　Takamiya　and　Nak麺㎞a　（1970）・　Sudo　et　al・　（1999）　formulated　equa丘ons
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representi血g　the　relationshiP　betWeen　rearing　temperature　and　growth　of　si㎞onn　larvae，　and

calculated　the　low　tempem加re　limit’　fbr　growtih．　These　stUdies　show　that　insect’　growth・is　regu玉ated

st直ctly　by　temperat斑e　but　the　molecular　mechanism　of　regulation　has　not　been　elucidated．

　　　Attah血19・control　of　expe血nental　cOnditions　is　difllcult　when　i血vestigating　the　effectS　of

temperatu爬on　insects　because　filctors　other　than　temperatロte　a　Iso　afirect　iinsect’lgrowth．　ln　particular，

humid乖y　and　fbod　deteriOration　are　critiCal　factors．　Accordhlgl）らto　investigate　the　relationship

betWeen　temperature　a血d㎞seet　growth，　I　cultured　cells　were　used　hlstead　of　whOle　msects　to　provide

a　．stable　expeitmental　conditio皿．　The　use　of　cultured　cells　can’　simplify　the　experi血ental’　system　and

understandi　lg　of　insect　cell　reaσ目ons　to　temperature　at　the　ce皿Ular　level　and　can　help　to・elucidate　the

relationship　．betWeen　temperatUre　and　insect　・grovvth　at　the　mo］ecUlar　level．

　　　B血Ncens，　a血established　ce聾lhle　deriΨed廿om」Bombptx・moni，’were　cultui・ed　at　various

temperatures，　and　t血e　cell　proliferatiQn，　Viability，　andl　DNA　syn目1esis　were　cempared．　Cell　cycle

analysis　using　a　1aser．・scanning　cyt白meter（LSC）showed　G2・arrest　of　the　cellsi・　at　high・・tempera加re．1’
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MA丁ERIALS　AND　METHODS

Silkworm　and．cell血e

　　　The　si㎞o㎜，丑o斑寧胡or∫Sho叫wa郷ed　in輪s嬢y．　Larvae　were　reared　o血an’　artificial

diet（Nihonnosa皿kogyo　Co．，　Japan）in　a　LD　I　2：玉2hphotocycle　at　25土2℃．．　GroupSof　larvae　at　day

O’of　the　fbu拙、　larval　stage（10　males　and　10　fbmales）were　．reared　in　plastic　cases（205　x　15．O　x　5．2

cm）at　various　temperatt皿es　between　10－38°C　without　light．　Fluctuations　of　the　temperature　and

humidity　in　the註1cubators　were　controlled　wi伽皿0．5°C　and　60－70％，　respect三vely．　The　diets　were

excha血ged　every　day　to　avoid　deterioration，　and　individual　larval　weights　were　measured　until

ecdysis　to　the　fifth　i　lstar．　For　observation　of　hatching，　the　eggs　treated　with　anificial・　hat¢hing．　were

incubated　for　30　days　at　10－38°C　Without　light，　For　observation　of　adult　emergence，　newly　ecdysed

pupa¢　were・　transferred　to　the　incubators　set　at　10・38°C　and　mainta血ied　for　30　days　Without　light．

　　　The　BmN（BmN4）cell　line　derived丘om　Bombyrη20㎡（Maedq　1989）was　maintained　i血

TC－100　medium（Sigma　Chemical　Co．，　St工ouis，　MO，　USA）sllpplemented　with　10％fヒtal　bovine

serum　（FB　S；Sigrna）砲d　1％antiもiotic　antimycotic（Si鋼a－A1面ch　Co．　Ltd．，　lrVine，　UK）at　25°C．

Ana／．ysis　of　ce目　groWth

　　　Cell　density　was　estimated　by　cou皿ting　the　cells　fr加1　a　sanple　of　the　suspension　in

血emocyteMeter　under　a　microscope．　The　cUltUre　was　initiated　by　seeding　a　96・well”plastic・plate　with
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1・IO4　cells　lwell，　and・th・p1・t・欄se岨t・prevent・desiccati・n．　rm・㏄11s　w，，，　maintain，d　at

25°Cfbr　2　days　to　promote　cellular　attaciment　to　the　welL　A丘er　this　precultUre，　the　cells　wer硅

moved　into　incubators　set　at　l　O・38°C．　TemperatUre　fluctua加ns　were　controlled　to　Wi血in　O．5°C．

CUItured　cells　were　fixed　with　5％fo皿aldehyde　every　24　h　for　5　days．　The　eells　were　centrifUged　at

200xgfbr　I　O　min　to　attach　the　cells　to　the　bottem　of　the　well，　and　the　medium　was　removed．　For

staid㎞g，50叫of　O．1％crystal　Violet　（Wako　Pure　Chemical　Industries，　Ltd．，　Osak4　Japan）solution

were　added　to　each　well　and　incubated　fbr　10皿in　at　room　temperature．　Stained　cells　were　washed

twice　with　dist三Iled　water　and　vortexed　in　100　pl　of　10％SDS　solution．　The　absorbance　of　each　well

at　550　mm　was　measured　using　a　Microplate　Imaghlg　System（Bio－Rad，　Laboratories，　CA，　USA）．

Absorbance　increased　1inearly　in　propo垣on　to　cell　density（regression　coef置cient＝：0．997）．　Cell

density．was　es目mated　by　compariso血with　a　standard　curve．　made．　by　serial　dilution　of　B血N　cells

oounted　v□th　a　hemocytomete正

Ce血lar　mo叩血④logy　and　Vi鴉bmty

　　　The　cellular　morphology　was　observed　hl　a血inVerted　Ught　microscope　and　was　photograPhed

using　a　microscope　digitak別nera（DP　12；01ympus，　Tokyo，　Japan）．　Cell　viability　was　determined

using　the　trypan　blue　dye　exclusion　method（Altm｛m　etα「・，1993）・Atlypan　b1龍soludol1（04％

wtlvol，　Gibco　Co．，　Gr服d　I融d，　NY，　USA）w品m已ed　wi輪n　equ副vo1㎜e　of　cell　s田pe鵬ioMnd
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maintained　at　room　temperatUre　for　3　min’．　The　suspension　was　loaded　on　a　hemocytometer，　and

stained　cells　were　scored　as　n皿Viable．

DNA　synthesi8　assay

　　　De　novo・DNA　synthesis　was　meas田ed　by也e　incorporation　of　5－bromo－2－deoxyuridine’（BrdU）

using　the　Cell　Proliferat三〇皿Biotrak　ELISA　System，　versio且2（Amersham　Biosciences　UK　Ltd．，

Little　Chalfont　Buckinghamshire，　UK）．　The　fmal　co皿ce皿trati皿of　BrdU　in　each　well　was　l　O　pM．

Cell　cycle　analysis

　　　BmN　cells　cultured　at　va1まous　temperatures　between　l　O－38°C　in　6－well　plates　were　suspended

9，ntl蜘d’ P・・μ1。紬，、、、P，nsi。n　w輌、ed。n、lid。，　c。、t，d、With、P。ly．町、in，梗・LY．PREP・M

SL田ES；Sigma・Aldrich）．　Cells　were　fixed　With　Carnoy　fixative（ethano玉：cblorofbrm：acet三c　acid，

2：1：1）fbr　10　min，　and　the　fixative　was　removed　by　pipette．　The　cells　were　treated　again　with　100μl

of　Camoy　fixative　and面ed．　The　fixed　cells　were　washed　twice　usmg　100　μI　of　PBS

（phospllate－buffered　saline；IO】mM　Na2HPO4，138　mM　NaCl，2．7　mM　KC1，　pH　7．4），100声of　the

solution　conta㎞950μ9ノ面RNase（Ribonuclease；Roche　Diagnotics　Co・，　Indianapolis，瓜1，　USA）

and　incuもated　with　5㎎11nl　PI（propidium　iodide；Sigma）fbr　l　h　at　37°C・These　oells　were　mounted

with　a　cover　glass　ushlg　Vectashield（Vector　Laboratories，　Burlingame，　CA，　USA）and　the
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Huorescence　was　measured　us｛ng　a　1aSer　・sca㎜ning・cytometer（LSC）（01ympus；DarZynkieWicz．et．al．，

1999；Luther　a皿d　KamLentSky，1996）・PI　fluorescence（610・620　n誼）was・・eXcited　USing　an　argon　laser

at　488㎜・An：　ave「ag翻『5000・el1…n’a・・§d・隅scamedaut・mati・ally却ga20x・bjectiΨ・1・ns・

At　the　initiation　’of　’scanning　for　each　sHde，　the　Sensitivity　of　the　threshold　phetomultiplier　1血be

（PMD　was　a｛毒usted　so　that　ma】dmum　detecUon　of　the・s憾ned　areas　was　achieved　with　m血imuM

detection　of　backgro皿d　stair血9．
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RESUL“「S

The　relationship　betWeen　temperature　and　the　grovvth　rate　of　sUkwo1㎜

　　　Body　wei酔ts　were　recorded　of　fbu曲一instar　larvae　・of　tthe　sillG）vorm　’reared　at　10－38°C　until　they

ecdysed　to　the　fifth㎞star（Fig．1－1）．　The　growth　rate　du血g　the　feeding　phase　increased　with

tempera加re　between　l　O　and　26°C　and　1血en　reached　a　plateau．　The　grow血rate　umchanged　largely　at

26－34°Cbut　at　38°C　the　weight　gahl　was　lower　than　at　these　temperatures．　When　the　w¢igbt　of

silkwom　Ieached　about　O　5　g，　tlle　larvae　stopped　f已ding　and　entered・the　mo捕ng　phase．　Ecdysis　to

血e鋼一ins撤．larvae　occurred　notmally　at　’temperatures・　between　22　and　30°C，　b碑垣si㎞omls

reared　at　34°C，　they　failed　tO　enter　the　Molting　phase　and　grew　．beyo且d　the　limits　of　the　weigbt㎞

no加al　fbu血一hlstar　larvae．　After　rearing　at　38°C　fbr　4　days，　silkwoms　weakened　gradually　and

died　witbout　ente血g　the　molting　phase．　Molting　was　not　observed　fbr　5d卵s　at　temperature　between

10and　18°C，　but　long　teml　incubation　at　18°C　induced　larval　mol血g．

　　　E丘’ectS　of　temperatUre　on　the　silkworm・development　were　exammed（Fig．1－2）．　Ar雌cial

hatching一廿eated　eggs　hatched　l　l　days　after　the　treatment　at　26°C．　The　embryo　developmental　rate

was　accelerated　by　temperature　increase　but　no　larvae　hatched　for　30　days　at　belew　14°C　and　above

34°C．Newly　ecdysed　pupae　were　incubated　at　the　various　temperatures　and　the　adUlt　eme培ence

was　obsefved．　Although　the　days鵡eded　fbr　emelgence　were　shortened　by　tempera細e　inc刑3ase，　no

pupae　eMerged　ffor　3e　dayS　at　above　34°C・No　emeTgence　was田so　observed　at　below　l　4亘C・Pupa1
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development　．to　adultS　was　observed　at　34°C　but　not　at　38℃．

Effect　of’high　temperature　o丑BmN　cen　growt血紐d　morphology・・

　　　The　BmN　ce田ine　was　cultured　atΨarious　tempera加res，　a皿d　the　cell　nurnbers　were　counted．血1

temperatUres　ranging丘om　10－26°C，　the　growth　rate　increased　constantly　as　temperature　increased

（Fig．1・3）．　Growth　rates　c垣culated　f｝om　cell　numbers　between，day　O　and　day　3　we肥0．26，0．36，0．73，

1．27，1．89，　1．88・　105　cells／mYday　at　10，　14，　18，　22，　26，舐d　30・q・e・pectiv・1苦At　26紐d　30・C，　cell

density　reached　a　ma麺um　level　of．about　l．5　x　101i　cellslmi　after　incubation　for　5　days．　Cells　that

were　cU　ltUred　at　34°C　proliferated　initially　at　day　2，　but　the　growth　rate　declined　at　day　3，　and　the

proliferation．was　suppressed　thereafter．　Cell　proliferati皿was　hlhibited　entirely・by㎞cubation’at

38°C．The　nUmber　of　the　cells　did　not　i㎞crease　at　42°C（date　not　Shown）．

　　　BmN　cells　cultUred　at　18－30°C　were　spherical　and　showed　normal　morphology（Fig．1－4A）．

After　incubation　for　12　h　at　38°C　the　ce皿s　elongated　like　fibroblast畠　in　appearance，　with．cytoplasmic

protrusions　positioned血i　a　bi－Iatera1（Fig．14B）．　Elongated．　ce皿s　returned　to　a血orma　l　state　and

began　to　proliferate　when　the　temperatt皿e　was　lowered　to　26°C・The　number　of　eIongated　cells

increased　steadily　at　34°C．　Cells　incubated　at　340r　38°C」eor　4　days　aggregated　gradually　a皿d

contained　many　granules　（Fig．14C）．　The　ceUs　detached　f「om　the　bottom　of　the　wells　and　floated　in

the　medium　after　such　prolonged血cubation　at　these　h三gh　temperatures：Althou帥the　shapes　of　cells
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remained　unchange也　the．cell　membrane　．　denatured　after　incubatio且fOt　12　h　at　42°C（Fig．1－4D）a血d

did　not　revert　to　no㎜al　wllen　cells　were　moved　to　26°C．　Long　tenn　cuI加re　at　100r　14℃caused　the

ceils　elongation　smilar　to　that　observed　at　high　temperature（data　not　shoWt1）．

BmN　eell’viabMty　and　1〕NA　synthest5　at　high　tempera血lre

　　　Cell　Viability　was　exam丘1ed　ushlg　the　trypan　blue　exclusio皿method（Fig．1－5）．　All・celiS

incubated　at　42°C　showed　an　abnomlal　cell　membrane，　but　only　20％of　the　ceUs　w6re　stained　at　day

l．Tlie　number　of　nonviable　ce皿s　increased　With　incubation　time，　and　a㎞ost．　all　cells　were　stained

after　4　days．　Although　the　cells　showed　morphological　abno皿alities，　the　number　of　stained　ceUs

rema血1ed　u皿der　10％after．4　days　at　34　and　38°C，　but　reaChed　20％at　day　5．　B　etween　22　and　30°C，

也enumber’of　s㎞ed　cells　rem麺d　below　5％．　The皿㎜ber　of　nonviable　cells　exceeded　90％hl’1

day　when　cells　were　i血cubated　at　46°C（data　not　shoWn）．

　　　The　amo1血t　of　BrdU　incorp　orated短to　newly　synthesized　DNA　at．　various　teMperatures　was

exaniined　．to　gauge　DNA　synthesis　in　the　・process　of　cel1　division（Fig．1－6）．　BmN　cells　were　cultured

at　25°C　Ibr　2　days　on　a　96－well　plate，　and　the　BrdU　solution　was　added　to　each　well．　After　the　cells

were　incubated　at　different　temperatures（22－38℃）for　24　h，　the　incorporated　BrdU．　was　measured

immunochemically．』No　significξmt　difference　was　observed　between　22　alld　34°C，　but　BrdU

incorPoration　at　38°C　was　reduced　to　apProximately　／30％of　levels　at　other　temperatUres（Fig・1－6A）・
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When　BniN　cells　were　cultured　at　30－38°C　fbr　l　OO　h　befbre　the　addition　of　BrdU，　a　70％decrease

was　obse1ved　at　34°C，　and廿1e　cells　did・not油corporate　BrdU　at　38°C（Fig．1・6B）．

CeU・cycle・　G2　phase　arrest’at　high　tempera白re

　　　The　results　described　above　suggested　that　・cellular　proliferation　ceased　at　high　temperatures祖

respon5e　to　an　arrest　of亀e　cell　cycle　and　not　because　of　cell　dea血．　Therefbre，　I　analyzed　the　cell

cyc正e　with　an　LSC　to　define　the　point　of　arrest　of　cell　division（Fig．1－7）、　Whe血plotted　as

scatte卿ams　with　the　abscissa　representing　the　integrated　fluorescence，　whioIl　indicates　DNA

contenL　and　the　ordinate　representing　maximum　pixel　fluorescence，　the　height　representing　the

nu竃nber　of　cells，　the　fraction　ofthe　cell　popUlatien　in　Gi，　S，　G2，　and　M　phases　of　the　cell　cycle　coUld

be　identi茸ed　visually．「llie　largest　perce皿tage　of　the　cell　population，　c．50％，　was　observed　in　the　Gl

phase，　alld　30％was三n　the　G2　phase　at　26°C．　These　proportions　were　maintained　oΨer　the　en血e

cUlture　per｛od　at　26°C．　In　contrasちceIls　in　the　G2　phase　accumulated　a且er　24　h　of　incubation　at

38°C（GI：25％，　G2：50％），　and　the　popUlation　of　G2　cells　increased　when三ncubation　was　prolonged．

’rhe　fract三〇n　of　G2　cells　retUrned　to　the　usual　distribution　when　the　tempera加re　was　lowered　f｝om　38

to　26℃．　Regardless　of　the　tempera加re，　the　S　phase　and　M’phase　were　ahnost　constant　at　about　20％

ξmd　5％，　respectively．
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Cen　cy¢1e　at　various　temper血r母

　　　Furthernore，　the　cell　cycle　analysis　was　Ipe㎡bmed　in　BmN　cells　incubated　for　72　h　atΨarious

temperatUres．　As　shown　in　Figure　1－8，　the　percentages　of　the　celI　pop田ation　in　GI，　S，　and　G2AYI

phases　of　the　Cell－cycle　were　mainta血ied　after　cultivation　for　72　・h　at　26°C（GI：’51％，　S：17％，　G21M：

32％）．The　percentage　of　ceHs　in　G2　hlcreased　graduaHy　toward　both　low　and　high　tempera血lre．　A

垣gh　proportion　gf　the　cells　cult1皿ed　at　38°C　remai血ed　in　G2　phase（about　70％），　while　only　a　sma11

proportion　of．the　cells　rema血1ed　in　G1（about　9％）．　Ce組s　m　G2　phase　were　obser　ed血54％of

incUbated　cells・　at　10°C，　resulthlg　that　G2　block　of　the　ce皿cycle　was　alSo　caused　by　low．temperatUre

streSS．
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DISCUSSION

Similarity　of・temperature　・rea¢tbn　betweeo　8曲worln紐d　the　ceU　1血1e

　　　Established㎞sect　cell　lines　are　generally　thought　to　・retai　l　some　properties　of廿1e　ofigi皿al　insectS．

The　concept　probably　applies　to廿he　reaction　of　cellS　to　temperat由e　beoause　the　temperatures　of

expression　f（〕r　heat　shock　proteins　differ　i血varioUs　insect　cell　1血1es（Gerbal　et　al．，2000）．　The　present

resUltS　suggest　that　the　respo皿se　of　BmN　cells　to　temperature　is　re1ated　closely　to　that　of　silkrworm

larvae．　In　both廿1e　Iarval　vveight　gain　and　proliferation　of　BMN　cells，　increases　of　gm杣rate　with

temperature　between　10　and　26°C　were　observed（Figs．1－l　and　1－3）．　This　result　shows　that　the

op迦a1　temperatUre　for　silkrworm　・and　the　Cell　1ine　growth　is　approximately　26°C．　Disturbance　of．the

hatching，　molting，　and　emerge血ce　occinted　in　．Bombptx　．reared　at　be匡ow　l　4°C　and　above　34°C（Figs．

1－1and　1・2）・cell　cycle’artest　was　also　induced　by　cultivation　at　these’low　．or　high　temperatures．（Fig．

1－8）．　　　．

Heat－i皿血ced　ceU　cyde　arres抽血1s㏄t　ce皿血e

　　　The　growth　ofBmN　cells　stopped　at　38°C（Fig、1－3），　and　the　BrdU　incoτporatioll　assay　indicated

that　DNA　replication．was’reduced　i血　these　ce皿s（Fig．1－6）l　The　cell　ViabiIity　test　With．　trypan・　blue，

however，・showed　that　the　non－proliferating　cells　did　not　completely　lose　their　Viabil｛ty（Fig・　1・－5）・

Moreover，　with　ce皿s　at　38°C　for　short　PeriOdS，　the　morPhology　returned　to　a　normal　state　a皿d
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pro］ifbration　re－started　after　they　we肥transferred　to　26°C．　These　results　suggest　that’也e　cells　are

hindered　by　high　temperature　and　Cell　division　．　stops　at　．　a　particUlar　cell’　cycle　phase　before　／death．　It

was　fbund　that　the　cells　a1Test　in　the　G2　phase　of　the　celI　cycIe（Fig．1－7）．　LSC　analysis　showed　th｛近

the　higheSt　fraCtion　Of　ce皿s　was　at　the　Gi　phase　after　incubatiOn．’　at　26°C，　but　G2　cells　were　ab皿dant

at　38°C．　WIlen　the　temperat1皿e　was　lowered　to　26°C，　the　n㎜ber　of　cells　at　the　Gl　phase　increased

aga垣．

　　　Therefore，　the　arrest　of　the　cell　cycle　at　the　G2　phase　in　response　to　i皿adequate　oonditions　is　a

possible　medhanism　used　by　insect　cells　to　stop　cel｝Ular　developm¢nt．　Fe垣g召ごα匡．（1990）reported

that　the　resting　phase　of　insect　cells　was　characterized　by　4c－DNA　co皿tenL　whereas　the　Go　phase　of

mammalian　cells　was　characte血：d　by　2c－DNA　content．　Doverskog　etα1．（2000）showed　that

synchrollization　of　the　cell　population　i皿the　G2刀M　phase　of　the　cell　cycle　occurred　’mitially　during

the　lag　phase　and　．　toward　．the　end　of　the　population　growth・phase　in　a　serum一廿ee　batch　c澁e　of

Spodopteraノ触g挙θぱ1（Sf9）ceils．　Arrest　of　BlnN　cells　at　G2瓜d　phase　happens血1　BombJtx　mon’

nucleopolyhedroVirus　infection（Baluchamy　and　Gop辻ユathan，2005）．　The　accumUlatien　of　B血iN　cells

in　the　G2　phase　was　also　observed　in　a　con且uent　state（unpub1三shed　data）．　Furthemlore，10w

temperat1皿e　stress　also　caused　an　increase　in　the　population　of　cells　in　G2　phase（Fig．1－8）．　Although

each　of　the　signal　pathways　that　induce　cell　cycle　arrest　is　variabie，　the　downstream　mechanisms，

such　as　・G2　arresL　may　be　identica1　’in　insect　cells・
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　　　．The　application　of　20－hydroxyecdysone　in［duces　a　shalp　decrease　in・　the　leve正of　cyc賎n　A　and　B

expression　and　arrest丑1e　cell　cycle　of　IepidoPlleran　IAL－PID2　cells　in也e　G2　phase・（1匁Iottier　et　al．，

2004＞It　c蝋e　specu1批rd伽t血e　exp・essi・皿・fcell・y・1・・egulati・n　ge皿es・fiuC嶋s・als・d輌9

the　G2　arrest　at　high　temperatufes．　The　analysis　of　gene　expression　is　expected　to　reΨeal　the

mechaniSm　of　cell　cycle　arrest　caused　by　high・temperatu庁es．

　　　High　temperature　colrid　induce　excessive　consumption’of　nourisiment　or・accum司ation　of　waste

productS　in　the　cUlture　and　stop　the　cell　cycle　i皿directly．　Howeverl　the　recovery　from　cell　cycle．arrest

in　the　absence　of　medium　exchange　refUtes面s　possib丑ity．

He白t一㎞du¢ed　d3mages　to血sect　CultUred¢ellS

　　　At　least　two　reactions　to　high　temperature　occur　in　cultured　cells：one　is　the　arrest　of　cen

proliferatiOn，　and　the　other　is　cell　death．　The　differences　in　cell　morphology　that　occurs　between　38

and　42°C　indicate　the　occurrence　of　these　two　reactions（Fig。1－4）．　When　the　temperature　was

reduced　to　26°C，　cells　llhat　had　b㏄n　elongated　at　38°C　reverted　to　a　native　1norphology，　while　cells

with　abnonna三cell　membranes　at　42°C　could　not　revert　to　a　nomal　morphoIogy．　Component

proteins　of　the　cell　membrane　are　probably　destroyed　at　42°C．　Th、e　percentage　of　nonv三able　ce11s

increased　rapidly　with血1e　at　42°C，　and　alrnost司l　cells　died　wi仕血1day　at　46°C　Although

damages　to　the　proliferation，　morphology，　a皿d　cell　cycle　were　not　observed　initially　in　BmN　cells
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cultt皿ed　at　34°C，　longer　exposure　gave　the　cells　serious　damages．　The　principle　that　the　more　the

temperature　increases，　the　more　rapidly　the　effectS　of　unfavorable　temperatures　for　organisms　arise

（Sc㎞idt－Nielsen，1997），　is　applicable　to血e　cu1加ed趣ect　cells．　When　B血N　cells也at　had　ceased

proliferating　were　transferred　to　26°C　and　mcubated　agam，　cells胡lat　had　been麺cubated　fbr　shorter

偵mes　at　38°C　re蝕med　to　the　nomal　cell　cycle（Fig．1－7）．　An　extended　incubatio皿time　at　38°C

induced　serious　morphological　changes　and　reduced　cell　number　fbllowed　by　an　increment　in　thLe

numbers　of　nonviable　cells．　Perhaps　the　cells　were　gradually　degraded　by　necrosis　or　apoptosis，

because　much　cell　debris　was　observed　in　the　medium　after　long　tem　incubation　at　38°C．　The

reduction　in　cell　viability　at　38°C　may　be　caused　by　long－term　arrest　of　the　cell　cycle．
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Figure　1－1

　　The　effects　of・rearing　temperature　on　the　Weight　’gain　．in　fourth－hlstar　larvae　of　the　silkwonn．（A）

The　range　of　low　temperatUres．（B）The　range　of　high　temperatUres．　Fourth一血iStar　larvae　were

weighed　on　a血’electronic　’balance　ta　the’・nearest　l　mg．　Data　poi　ts　are　averages土SDi　n＝20．　E：

Ecdysis，　D：Dead．
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　　　The　、・　effects　of　temperature　on　the　s迅【woml　deΨelopment．（A）Diapause　eggs　treated　with

artificial　hatching　were　incubated　at　．　indicated’　temperatures　for　30　days、　WithOUt　light．　Hatching　day

was　determined　when　more　than　50％of　larstae　hatched（n＞20）．　Embryo　developmental’　rate　was

represented　by血e　reciprooal　number　of　hatching　day．（B）Newly　ecdysed　pupae　were　incubated　at

indicated　temperatUres　fbr　30　days　without　light．　Emergence　day　was　dete血ined　when　more　than

50％of　pupae　eme唱ed（n＝10）．　Pupa　1　developmental　rate　was　represented　by　the．　reciprocal　number

of　emergence　day．
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38°Cand　O））12hat　42°C．　Scale　bar＝20　ym．
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Figure　1－6

　　Aπ・St・f’DNA・yn也・・i・mBmN　cells　at　hi酔t・mp・・a血r臥（A）B・dU　w邸曲d．t・血e　c砿血re

medi㎜，　and　the　cells　were　incubated　fbr　24　h　at　va面us　tempera加res．（B）Cells　were　cultured　fbr

lOq　11毎indicated　telnpera怠皿es　without　BrdU，　and　then　Ibr　24　h　with　BrdU　added．　Each　value　is　the

average土SD　of　siX　different　cultured　wells；the　v｛Uues　are　corrected　by　cell　cou皿ts．　The　relative

1・v・1・fB・胸p幽c・mp田・踊馳atat』・蝋t・m剛加・（26・・30℃）wa・　d・fin・d　・s　1．．’
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Figure　1－7

　　Cell　cycle　analysis　ofBmN　cells　after　incubation　at　26　and　38°C．　The　3D　histograms　were　drawn

using　LSC　so丘ware．　Abscissa：DNA　content，　ordinate：degree　of　chromatin　condensation，　height：

number　of　cells．　White　arrows　indicate　phases　ofthe　cell　cycle．
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CHAP「ER　2

High　Temperature　lnduces　Accumulation　of　ROS　and’・G2　Cell’　Cycle

　　　Arrest　through　Ac伽ation　of　p38　MAPK　in　Insect　Cell　Lline

削TRODUC■「10N

　　The　insect三s　a　representative　poikilothemic　animal　and　reacts　acutely　to　ambient　temperature．

Although　insect　growth　is　accelerated　by　temperature　increase，　the　growth　is　inhibited　by　abnorma1

垣帥．temperatures　fbr辻rsectS．　These　abnormal　temperatures　are　rather　aadequate　to　homoeothemmic

a血als　such　as　mammals　and　birds．　This　difference　of　favorable　tempera加re　shows　that　insects　are

more　sensitive　to　temperature　stress　than　mammals　but　the　reasons　are　obscure．血general，　it　is

speculated　that　ha血丘il　effeCtS　of　high、　temperature　are　probably　caused　by　e皿Zymatic　inactiVity，

behavior　disorde陥and　water　loss，　etc．　The　detailed　meChanisms，　hOwever，　are　uhknown．

　　Many．三nsect　cell　1iles　are　established（fbr　examples，　see　Hnk　1970；Lynn，1995；Imanishi，　et　al．，

2003；Eguchi　and　Iwabuchi，2006）．　The　gro軸rates　of　B血N　cell　derived茸om　the　ovary　of

silkwom，　Bombyx　mori，　were鵡cted　by　tempe蜘re｛胎well　I胞鰍of　si㎞omls（CHAPTER　1）．

Our　challenge　using　h正3ect　cell　l血1es　to　elucidate　tbe　effectS　of　temperature．on　insectS祖ce簸ular

Ievel　suggested　1血at　insect　cells　had　G2／M　checkPoint　mechanism　of　cell　cycIe　against’high
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temperature　stress．　Howeveちmediators　of廿tis　signal　cascades・　are　sti11　．unc！ear、

　　　The　p38　stress㎞ase　respond　to　various　enΨironmental　stimuli，　includ量ng　ultraviolet（UV）

radiation，　oxi緬ve　s仕ess，　protem　s蜘esis緬bitors，　he劔shoc私卿㎞es皿d　osmo6c　shock

（Ono　and　Han，2000；Kyliakis　and　Avrud』　2001）．　Following　their　activation　through

phosphorylation　of　highly　conserved　neighbo】ring　tyrosine　and　threon蝕le　residues，　P38　khlases　can

localize　to　tIle　nucIeus，　where　they　phosphorylate　and　ae直vate　the鉋target　transcription侮ctors

（Pearce　and　Humphrey，2001）．　In　fission　yeast，　osmotic　stress，　treatment　With　hydrogen　peroxide

（H202），　heat　shoc私　and　UV　r輌don　ac醐e伽Spc1／Sty　l　stress　kinase　pathway（Millar，　1．999）．

Spc　1／Sty　l　is　’a　homolog　of　human　p38　and　budd桓g　yeast　Hog　l　MAPK（血itogen－activated　protein

㎞品e）．In血it批p38　have　been　cloned，紐d　i賠寧osme　l　86　is　rapidly　phospho理1ated血respo鵬e

to　osmo直c　s仕ess，　heat　shoc紘　serum　starvati皿，　and　H202　in　DPtosophila　1（2）mbn　and　Schneider．cell・

lines（Han　et　al．，1998）．　F皿r由e㎜ore，　flies　lacldng　P38’　are　susceptible　’to　some・　environMent　stresses

mcluding　heat　shock』oxida目ve　stless　and　starvalion（Craig■fα∫．，2004）．　On　the　other　lland，　roles　fbr

stress　kinases　in　cell　cycle　control　are　reported．　Expos1皿e　of　yeast　to　osmotic　stress　leads　to

activation　of　the　Hog　l　SAPK（stress－activated　protein　kinase）and　G2　aπest（C玉otetθ’al．，2006）．

Vanadium・induces・9・n・・ati・n・f　H、0，鋤d・up…泊d・mdiC□，’
宸?轣En・㎞ulat・・MAPK・family

members　to　arrest　cell　cyCle　at　the　G21M　P』in　the　human　1ung　alveolar　epi血elial　canceT　cell．　line

A549（Zh｛mg　e∫α『．，2003）．　B由血θτα「．（2001）repo貫ed血at　p38㎞鵡had　cri姻role　m也e
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initiation　of　a　G2　delay　after　UV　radiation．　These　Teports　suggest　that　activation　of　p38　MAPK　by

env加㎜e蝋s仕es迦ludi皿g　heat　sheck　has　close　relatio皿ship　to　G2ANtf　checkpoint　pa血way．

　　　Heat　stress　ind恥es　generation　of　reactiΨe　oxygen　species（ROS＞such．　as　the　H202，　superoXide

anion　and　hydroxyl　radic江【（耳arad　et　al・，1989；K血皿召’al・，2006）and　the　ROS　da皿Eage　to　protein，

1ipid　membranes，　a皿d　DNA．　OXidative　SUess　increases　heat　shock　proteins，　while　over・expression　of

antioxidant　en2ymes　cau5ed　an　increase　m　then丑otolerance（Davidson召’al．，1996）．　These　reports

suggest　that　there　are　close　relationship　between　heat　stress　and　oxida亘ve　stress．　In　the　case　of

insects　including　Bom輌，　exposure　to　high　temperature　activates　solne　an｛ioxidant　enzymes　in

transcriptional　and　translationai　leve1（Lee　et　al．，2005；Ki血et　a’．，2007）．

　　　In血e　present　stud酌Ipropose伽t　heat　s悟ss　induces　G21M　chedΦ・mt㎞msect　ce皿s血・ugh

ac廿vation　of　p38　a血d　f（）Ilowing血activation　of　Cdc2．　In　addition，　I　elucidate　that　the　activation　of

p38・is　resUlted　from　uneXpected　accumulation　of　ROS　i血inseet　cells　at　high　temperature．
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MATERIALS　AND　METHODS

Cen丘ne

　　The　BmN（BmN4）cell　1ine　derived　from　Bombyx　moアi（Maed亀1989）was　m垣nta垣ed拍IPL－41

medi醐（lnvi廿ogen，　Carlsbad，　CA，　USA）supplemented醐10％fetat　bovine　・serum　（Wako　Pure

Chemical　Industdes，　Ltd．，　Osaka」Japan）and　1％a血tibiotic・ant血nycotic（Sigma－Aldrich　Co．，］Ltd、，

踊ne，　UK）at　25℃．　The　ceil　number　was　co皿ted　in　a　defined　area（eight　random　areas，3．03　x　10’3

cm2　each）under　an　inverted　microscope（D（70，01ympus，　Tok野o，　Japan）and　the　tota1且umber　of　tbe

cells　in　a　well　was　calculated．

Reverse　transcription（RT）and　reaI－time　q口ntitatiΨe　polymerase　c血ain　reaction（pCR）

　　剛興丘。m・BmN・　ce琵s・was・is。lated曲g　ISOGEN鰍。　P田，　Ch，面、輌d。面，，エlh・

RNA　was　Measured　to　confiim　its　purity　and，　stability　with　a　GeneQuant　pro（Amersharn　Pharmacia

Biotech，　Uppsala，　SweGen）．　Fiveμg　of　total　RNA　in　20μ1　volume　were　converted　to　cDNA　by　use

of　ReverScriPt　IV醐ako　Pure　Chemical　Industries）and　a皿01igo（dT）12－18　pr血ner（血IVitrogen），

部cording　to　the　manUfacture，s　protocol．　After　incubation　at　37°C　fbr　30　min　with　1μl　of

Ribo皿uclease　HσaKaRa　Biotec㎞010gy　Co．，　Ltd．，　Shig｛』Japan），　the　cDNA　was　purified　by　ethanol

precipitation　and　dissoIved並1　200μI　of　double　distilled　waterσ）DW）・Oneμof　RT　product　waS

amplified　by　rea団me　PCR　using　the　SYBR　PreniixExTaq　Perfect　Real－Time　PCR　Kit（TaKaRa），
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according　to　the　ma血ufacturげs　protocoL　The　pfimers　used　are　shown　m　T㌔ble　2－1．

VV¢5tern　blotting

　　・Cells　were血sed　With　cold　phosphate－buffered　saline（PB　S；10　mM　Na2HPO4，138血M　NaCl，

and　2．7］血M　KC1，　pH　7．4），1hen　lysed　with．　SDS・Siample　buffer（50　mM　Tris・HCI：pH　6．8，2％sodium

dodecyl　sulfate，　O．86　M　2－mercaptoethano1，10％glycero1）．　．After　the　samples　denat皿red　by　boiling，

出eprote血am斑血t　was　measured　by　us㎞g　a　Bio－Rad　Protein　Assay　Kit（B三〇－Rad］Laboratories，

Hercules，　CA，　USA）．　SDS－1駄GE　w困conducted　by血e　me也od　of　L鵬㎜Ii鞭㎜li，1970）．

Twe加y　five　Ug　of　proteins　were　analyzed三n　10％pOlyacrylamide　gel卸d　electrophoretically

transferred　to　PVDF　membranes（Millipore，　Bedfbrd，　MA，　USA）usi　lg　transfer　buffer（25　mM　Tris，

192　mM　glycine，　and　20％metha血ol）．　The　membranes　were　blocked　for　1　h　at　room　temperature　in

TBS／T　buffer（0．1％TWeen－20，25　niM　Tris，　and　150血M．NaC1，　pH　7．6）containing　2％ECL

Advance　bloclCing　agent．　The　blotted　membranes　Were　washed血ee麺es品r　5　mm　each舳

TB　S／T　buffer　and　then　incubated　ovemight　at　4°C　with　each　p血laly　antibody．　Used’antibodies　were

rabbit　an廿一phospho－Cdc2（Sigm亀　St　Louis，　MO，　USA），　anti－Cdc2（PSTAIRE，　Upstate

Bioteclmology，　Lake　Placid，　NY，　USA），　anti－phosph［卜P38（Cell　Signaling　Technology，血ic．，　Beverly」

MA，　USA），　anti－phospho－ERK（Cell　Signaling　TechnOlogy），　anti－Pllospho－JNK／SAPK（Cell

Sigrtali皿g　TeChnology）and　mouse　’artti－ot－tUbUlin（Sigma）．　They　were　diluted　at　1：2000　in　TBS／T
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con舳g　5％boVine　serum　albumin　Afte血cubation　with　the　primary　antibodies，血e　memb抽es

were　washed　five　times　With　TB　S／T．　Secondary　antibodies，　horse　radish　peroXidase－conjugated

a血ti－rabbit　or　anti－mouse　IgG（Cell　Signa1㎞g　Technology）diluted　at　1：4000　in　TBSπbuffer

containing　2％ECL　Advance　blocking　agenち　vvere　then　added　and　further　inCubated　for　1　h　at　room

temperature．　The　membralles　were　the皿washed　five　6mes　in　TBS♪T．㎞munoreactivity　was

visua1協d　using　an　ECL　Advance　Westem　Blotting　Detection】K鍾（Amersham　Biotech，］」ttle

Chalfont　Buckmghamshire，　UK）and　LA　S－10eO　Luminescence血nage　Analyzer（Fuji　Photo　Film　Co．，

Ltd．，］r（）kyo，　Japan）．　Densitometric　analyses　were　conducted血r皿gh　use　of　a　PC　so且ware，　Scion

Images　foir　Wmdows（Scion　Co．，　Frederic1らMD，　USA）．

Ce皿£yole　anab嘘

　　　B血Ncells　cultured　on・cover　sHp　in　6－well　plates　were血sed　ge皿組y　w撞PBS，　and　f…xed　with

Camoy　fiXative（ethanol：chlorofbrm：aoetic　acid，2：1：1）for　l　O　min．　After　the　ceUs　were　washed

three　ti血es　using　PBS，100　pl　of廿1e　solution　containing　50μg「bU］RNase（Ribonuclease；Roche

Diagnotics　Co．，正ndianapolis，　m，　USA）and　5㎎1hll　PI（prQpidium　iodide；Sigma）　was　placed　onL　the

cells　and　incubated　for　111　at　37°C．　The　cells　were　washed　three　t㎞es，　and　th聞mo皿ted　in

Vectashield（Vector　Laboratories，　Burlingame，　CA，　USA）．　The　fluorescence　was　measured　using　a

laser　scanning　cytometer（LSC；01ympus；Luther　and　Kamentsky，1996；Dar2ynkiewicz／etia11．，1999）．
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PI　nuorescence（610－620㎜）w品excited聡ing　an㎎on　l部er瓜488㎜．　An　average　of　5000　eells

on　a　slide　was　scanned　automatically　us蝕1g　a　20　x　obj　ective　lens．　At　the血1itiation　of　scan田ng　fbr

each　slide，　the　sensitivity　of　the　threshold　photomultipHer　tube（PMT）was　aΦsted　so　that

maximum　detection　of　the　stained　areas　was　achieved　with　m血imum　detection　of　background

stainin9．

Detection　of　int「acellular　reactive　o】巧rgen　species（RLOS）

　　　Fhloresce皿ce　microscope（BX51；Olympus）and　CCD　camera（DP50；01ympus）were　used　to

measure廿1e　generation　of　ROS　by　detecting　2’，7’－dichlorofluorescin　diacetate（DCFH－DA；Sigma），

am　oXidation－sensitive　fluorescent　probe．　The　p血1ciple　of誕s　assay　is　that　DCFH－DA　dif血se5　into

the　cen　through　tlle　membrane　and　is　enZymatically　hydTolyzed　by　intracellular　esterase　to

nonfluorescent　dichlofofluo祀scin．　ln　the　presence　of　ROS（mainly　H202），　this　compound　is　rapidly

o］ridiZed　to　highly　fiuorescent　dichlorofluoresCein（Bass召fα1．，1983；LeBel召’a「．，1992；Zhang　et　al．，

2003）．BmN、eU、　w，，e、u1加，曲35・mm・di、h釦d，e、eiv・d・temperature・treatmentS．・Tl・e・in、ub蝋

medium　was　exchanged　to　new　one　preincubated　at　26°C，　a皿d　then　DCFH－DA　was　added　to　the

celis　to　a丘nal　concentration　at　50　i．iM．　After蝕1cubation　fbr　30　min　at　26°C，　the　cells　were　washed

w袖㎞sect　PB　S（4．5唖Na2｝PO4，13剛NaC1，　pH　65）three　times　and　imniediately　analyzed

with・a・flu・・escence　mi…sc・P・．　T・・⊇e・the・direct・effectS』 EfH、0、，血e　cells　we民premcub加ed
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with　50　ptV（　DCFH－DA　for　l　h　at　26°C　a皿d　then　treated　with　1001xM　H202　fbr　30　min．　A丑er　the

incubation，　the　cells　were　washed　and　a血alyzed　witll　a　fluorescence血icroscope．

C血emi6ab

　　SB202190Φ38緬bit・r）Was　pUrChaSed　fr・m　S蜘a㎜d・di…1v・d　in　dim・也yl・Ulf・Xid・

σ）MSO）工（＋）－ascorbic　acid（vita血in　C；Wako’　PUre　Chemical　lndustries）and　hydroxyurea（Sigma）

were　diSsolved　in　DDW　Cblce面d（demecolcine）was　purcllased丘om　Wako　Pure　Chemical

IndustHes’and　dissolved　in　DMSO．

Stati5tics　a丑alysis

　　The　results　are　presented　as　representative　experiments　or　as　means土SD（n＝3）．　The　statisticaI

significance　of　differenCes　was　dete血ined　by　one－way　ANOVA，　followed　by　Scheffe’s・酔test．

ValUeS　of　P＜0．05　Were　c皿sidered　st頭stically　significant．
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RESUL’『S

Expressio皿profiling　of　eell爬yde　genes

　　　I　attempted　initially　to　check　the　expression　・level　of．　cell　cycle　ge皿es　relaもed　particldady　to　G2『M

phase　by　rea1－time　PC鴎because　a　silkwo㎜cell　l丘1e，　BmN　cell，　was　arrested　at　G2　phase　of　celI

cycle　by　high　temperature　stress（CHAPTER　l）．　There　was　no　sig頭icant　d櫛rence　between　26℃

（normal　temperatUre　for血1sects）and　38℃（stress　condition）in　the　expression　level　of　cell　cycle

genes　participating　in　G21M　phase（cdc2，　cyclin　A，　cyclin　B，　and　cdo25；Fig．2－1）．　The　expression

level　of　G　l　cyclin（cyclin　D）and　h皿sekeepmg　gene（ribosomal　protei皿49；rp49）also　und1Imged

extremely　under　high　temperature．　Heat　shock　protein　70（hsp70）was　feur　times　increased　・by　heat

treatm［ent．

The　effect　of　high　tempera加re　oコCd¢2　phosphoryla髄on

　　　Cdc2　is　a　key　regulator　of　cell　cycle．　Tb　proceed丘om　G2　to　M　phase，　activation　of　Cdc2　by

dephosphorylalion　on　Thr　14／Tyr　15　is　needed（M［01gan，1995）・In　this　reason，　the　phosphoryla宜on

Ievel　of　Cdc2　under　high　temperat町e．，stress　was　examined　by　Western・　blotting．　Specificity　of　anti

phospho－Tyr　15－Cdc2　antibody、　to　8απ字Cdc2　was　con丘rmed　using　cell　cycle血血bitors，

hydro綱ea　and　colcemid．　Hydroxyurea　is　an　inhibitor　of　ribonuqleotide　reductase　to　depIete

dNTPs　and　stops　the　ceII　cycle　hl　Gl　befbre　DNA　feplication．　Replication　stress　also’inllibits
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dephosphorylatien　of　Cdc2（de　Vries　et　a『．，2005）．　ln　the　case　of　BmN㏄11s，　hydroxyurea杜ea㎞ent

indロced　accumUlation　of　G　1．　cells　and　phosphorylated　．　Cdc2’（Fig．2－2A孤d　B）．踵e班雌body

effectively　detected　the　state　of　phosphorylation　of　Bombyx　Cdc2．　Furthe血orei　M　phase．．arrest　・Was

archived　by　treatment　of　colcemid　which　was　an　illhibitor　of　microtubu三e　polymerizati皿（Fig．2－2A）．

The　colcemid　treated　cells　underwent　the　chromatin　condensatien’　which　showed　M　phase　and　active

dephosph町1adon　ofCdc2　in　M　phase　cells　was　conf㎞ed（Fig2・2B）．　The　eXpressi皿1evel　oftotal

Cdc2　was　unchanged　by　each血ihibitor　treatment

　　　The　phosphorylation　state　’of・Cdc2　under　high　ternperature　stress　c加dit三〇n　was　exam祖ed　us拍g

the　anti－phospho－Cdc2　antibody．　Both　of　total　and　phospho】rylated　Cdc21evels　were　co血sta皿t　at

26°C，while　ot皿y　the　phosphorylation　Ievel　was血creased　by　in田bati皿・for　24　or　48　h　at　38PC（Fig．

2－3）．

A。tivatio皿of　p38　MAPK誕u£ed　by　high　temperatu爬

　　　Westem　blotting　with　a　spechic　antibody　of　phosphorp38　was　perfortned　for　・obserヤation　of　high

tempera血1re　e脆ct　on　phosphorylation　of　p38．　No　phospho－p38　was　detected　in　keeping　wi廿1

c司tiva顧on　temperature　at　26°C（Fig．2－4A）．　On　the　other　hand，　shift　in　temperature　to　38°C

activated　p38　phosphoryla葡on　after　2　h　and　sustained　the　level　fbr　24　h・The　phoSPhorylation　at

38°Cretumed　to也e　non・phosphorylated　state　by　succeed㎞g　incubation　at　26°C（Fig．2－4B）．01血er
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MAPK£amiIy　proteins，　ERK（extraoel　lular　signa1－related㎞ase）and　JNK∫SAPK（c－Jun　N－terminal

㎞ase／stress－aCtivated　protein　kinase）were　also　examined　the　phosphorylation　state　at　high

temperatUre．　ERK　was　phosphorylated　by　．　heat　stress，　as　in　the　case　of　p38，　but　JNK　was　not（data

not　shown）．

The　effect　of　P38　in血ibitor　on　cell　cycle　arrest　by　hig血temperatUre

　　　B血Ncells　were　exposed　to　a　p38　inhibitor，　SB202190　fbr　l　h　at　26°C，　and　thell　su吋ected　to

high　temperature．　A抽ough・　no　proliferation　of　BmN　cells　was　usually　observed　at　38°C，　addition　of

SB202190　induced　a　little　increase　of　cell　number　in　the　stress　condition（Fig．2与A）．　Furthermore，

cell　cycle　amIysis　using　LSC　showed　that　pretreament　of　the　ceIIs　with　SB202190血血bited

heat－induced　cell　cycle　arresちdecreas加g　the　percentage　of　the　cells　in　G2LM　phase丘om　46％to

41％at　5　pM　and　42％at　10　i．EM（Fig．2－5B）．　The　high　phosphorylation　level・　of　Cdc2　at　38°C　was

also　suppressed　by　SB202190　treatm識t（Fig．2．5C）．　There　were　・ne　effect　on　the　proliferation，　cell

cycle，　and　phosphorylated　Cdc2　・level　of　BmN　cells　pretreated　with　5　or　il　O　lsM　．SB202190　at．’26°C、

’

Ge皿eration．of　intracell”lar　ROS　at　high　temperatUre

　　　To　exaMine　’the　involVement　of　high　temperatUre　stress　’in．・generation　of　reactive　oxygen　species

（ROS）i　observation　with　DCFH－DA，　which　is　a　specific　dye　for　H202，　was’cond恥ted．　High
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temperature　treatment　caused　an　・increase　in　fluorescence・　which　shevved　generation　of’ROS　／o血ly　for

2h（Fig．2－6A）．　More　intense　green　’fluorescence　was　’detected　in　’the　cells　i　lcubated　for　4　h　under

high　ltemperature　l　than　moderate　temperature．　ROS　con血ue　to　be　・generated　by　heat　ttreatment　fer　24

h．

　　　To　coniirm　tthe　specificity　of　this　detection，　antioxidant　which　catalyzed　degmdation　of　ROS　was’

used．　Although　pretreatment　with　ascorbic　acid　decreased　the　intensity　of　the　green　color　at　38°C，

the　effect　of　the　antioxidant　was　disappeared　only　for　4　h　and　intense　green　fluorescence　was

detectable　therea丘er（Fig．2－6B）．

hnvolvement　of　ROS　accumulation垣¢e㎜£ycle　arrest

　　　The　additio血of　ascorbic　acid　delayed　the　accumUlation　of］ROS．　The　effectS　of　ascorbic　acid

treatnent　on　activation　of　p38　and　cell　cycle　arrest　in　G2　phase　under　heat　shock　were　investigated．

Phosphorylation　of　p38　in　the　heat－treated　cells　was　delayed　about　fbr　2　h　by　preincubation　with

ascoTbic　acid（Fig．2－7A）．（iirowth　arrest　by　high　temperature　was　a　liUle　recovered　i　1　ascorbic　acid

廿eated・cells（Fig．2－7B）．　Analysis　of　cell　cycle　clarified　that　ratio　of　the　cells　i且G21M　phase　at　38°C

was　reduced　from　55％to　45％by　addition　of　ascorbic　aoid（Fig2－7C）．　The　cells　at　26°C　showed　no

response　to　ascorbic　acid　in　the　cell　proliferatien　and　cell　cycle・

　　　Direct　effect　of　H202　on　cell　cycle　was　examined　by　addition　of　H202　to　the　medium、　Exposure
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to・H202　’for　30　min　i　lduced加ense．oXidative　stress　i　l　tthe　cells（Fig．2－8A）．　The　hitense　fluorescence

was　greatly　reduoed，by　pretreatme皿t　wilh　ascorbic　acid．　Laser　scan血ing　analysヨs　revealed　that　the

oxidative　stress　arrested　cell　cycle　in・G2　phase（Fig．2－8B）．　The　f㎞don　of　G2　ceUs　retUmed　to　the

us血al　Ievel　by　remov証of　H202　f卜om　the　mediuln　by　changing　the．medi㎜to　the丘esh　one．

’
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DISCUSSION

The　me¢haniSM　ef血eat・㎞duced　ce皿cy¢le　arrest

　　　Higli　t・mp・蜘e　ch舐9・・血・・xp・e・・i。ns。f、many、genes（S日r搬n細L，2005；Zh。、1・et・al．，

2007）．The　teduction　of　cyclin　B　expression　causes　cell　cycle　altest　in　G2　phase　m　lepidoptera沮ce11

1桓e，IAL－P皿）cells，　treated　with　20－hydroxyecdysone（MoUier　et　al．，2004）．　In　the　case　of　B血iN

c611s　at　high　temperature，　it　was　poSsible　that　the　reduced　expression　of　cel1　cycle　genes　involved　・in

G2AY［transition　induced　the　arrest　of　cell　cycle．　However，　there　was　little　difference　in　the

expression　levels　of　cdc2，　cyclin　A，　cyc撫B，　and　cdc25　betwee血26　a皿d　38°C（Fig．2－1）．　No

dif驚rence　was　also　observed　in　ribosomal　protein　49，　which　is　a　housekeeping　gene，　and　cyclin　D，

w垣ch　is　known　as　Gl　cyc1血．　Tbese　res噛s　suggest　that　the　heat　treatment　fbr　2411　at　38°C

utichanged　the　expression　levels　of血ost　genes　i皿BmN　ce1］』and　the　arrest　of　cell　cycle　under　high

te血pelat唾re　is　not　controlled　by　transcriptional　level．　On　theぴ由er　hand，　the　expression　of　heat

shOCk　・protein　’70　increaSed　g肥atly　by　heat　treatment　in　agreement　with　the　case　of　ffruit　fly（Palter已’

al．，1986）．

　　　Phosphorylat三〇n　of　Thrl4　and　ThyI5三s・　particulatly　．important　in　the　cbntrol　of’Cdc2”aCtivatio血at

mitosis．　Tb　tr】頚sit丘om　G2　to　M　pha5e，　Thr14　and　Thyl　5　are　both　dephosphorylatedもy　a

d岨1－spechicity　phosphatase　tetmed　Cdc25（Mo載gan，1995）．　Namely，　cell　cycle　an℃st豆n　G2　phase

ugually　resUitS　f量凸m　holding　Cdc2　in　an　inactive　phosphorylatien　state　to　leave・Cdc25　from　CDK
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complex（Cyclin　B－Cdc2）．　Th．erefQre，　I　exammed　phosphorylatio皿state　of　Cdc2　in　the　eells　cultured

at　higtk　・temperature．

　　　F社s‡ゴthe　cross－reactivity　of　anti　human／　phospho－Tyr　15－Cdc2　and．　’CdQ2（PSTAIRE）antibody　to

Bom　byr　proteins　was　checked．　using血1hibitors　of　cell　cycle．　It　was　expeoted　that　anti　human　Cdc2

antibodies　cross－reacted　with丑o描躰Cdc2，　because　the　phospholylatio血site　of　Cdc2　and　the

PS㎜sequence　were　ne訂1y　iden鋼in鎚ino　acid　sequences　be恥en　human．　and　silkworrn．

Treatment　with　hydroxyurea　was　used　as　a　good　positive　control　in　high　phosphorylated　state　of

Cdc2．　Hydroxyurea　which　inhibitS　DNA　repIicati皿and　a置τest　of　ceII　cyde㎞Gl　is　effective　on

m5ect　cell　lhles（Siaussat　et　al．，2004）．　ln　addition，　hydroxyurea　induces　accumula廿on　of血止ibitory

phQsphorylated　Cdc2　in、prosophila　Schneider’s　cells（de　Vrles　et　al．，2005）．　BmN　cells　・treated　with

hydroxyUrea　also　stopped．the　cell　cycle　at　Gi　and　accimlulated　phosphorylated　Cdc2（Fig．2－2A　a獄d

B）．Fur伽㎜ore，廿eatme皿t　v幽colcemid，　which　is　an　inhibitor　of血icrotUbUle　polymerization，　was

used　as　a　good　oontrol　in　low　phosphg尊lated　state　of　Cdc2．　Because　of　arresdng　the・　cell　．cycle　in　M

phase，蜘Qst　all　Cdc2　is　．　converted　to　active　dephosphorylated　form　by　colcemid　trea血ent．　In　facち

colcemid　was　effective　on　B血N　cells；nuclear　aggrega目on　which　characteri2　3G　M　phase　was

observed血1　moSt　cells　and　the　Ievel　of　phosphoryla丘on　decreased　clearly．　No　effect　of　both　ce11

cycle　in｝曲i‡ors　on　protein　expression　Ievel　of　total　Cdc2　was　co面rmed　using　anti　h㎜窒n　Cdc2

（pSTAIRE）a斑ibody．　These　resuits　show伍at　phosphory玉ation　state　ol1βoη2寧Cdc2　was　dete磁ab置e
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by　Western　blotting　’using　anti　human’Cdc2　antibodies．

　　　The　phosphorylatiOn　level　of　Cdc2　increased　m　BmN　cells　incubated　at　high　te］mperature（Fig．

2－3）．This　result　suggests　that　the拍activation　of　Cdc2　is　important　process　fbr　heat一量nd肛ced　cell

cycle　arrest　in　G2　phase．　Stress・activated　p38　MAPK　phospho取lates　Cdc25　and　activates　G21M

cheCkpoint．pathway　in　response　to　various　e皿v加㎜en観i田ul賠，　inqluding　UV　radiation－and

hyperosmotic　stress（BUIavin　et　a「．，2001；Smith　et　aL，2002；Lopez－Aviles　et　al、，2005；Clotet　et　al．，

2006）．Besides　1血ese　stresses，　heat　shock　and　o】□dat三ve　stress　also　act三vate　p38　MAPK　in

mammalian　cells，　fissio血・yeasち廿uit　fly，　a血d　the　cell　lhles（Degols　et　al．，玉996；Han召t　al．，1998；

Adachi－Yamada　et　al．，1999；Zhou　et　al．，2005；Aggeli　et　al．，2006；Zhuang　et　al．，2006；Kani　’et　a「．，

2007）．These　reports　suggest　that　G21M　arrest　by　high　tempera加re　is　related　to　s三gnal　pathway

mediated’　by　p38・’activation　and　folloWing　Cdc2　inactivation．

　　　in　facちHigh　temperature　activated・　p38　in　B血N　cells　as　the　case　of　Drosophila　ceil　1ines（Fig．

24A）．　Heat－induced　phosphorylation　retumed　to　non・phosphoryIated　state　by　decrease　of

temperatu肥f悟m　38　to　26°C（Fig．2・4B）．　This　resUlt　corresponds　to　reversibility　of　G2／M　arrest　at

噂卿e・a加re（C脚冗R　1）』・e紺・・t・f　cell　cy・le　and　pr・liferati・n皿der　heat　s廿ess

co皿diti皿were　a　little　rescued　by　addition　of　p38　inhibitor，．SB202　190，　into　the　mediu皿（Fig　2－5A

and　B）．　F杣e㎜ore，　the　accumUlati皿of　phosphorylated・　Cdc2　at　high　temp醐tUre　was　also

d㏄撫ed　by　SB202190　trea㎞ent（Fig．2－5C），　indicating　that｝righ　temperature　stress　a鵬sted　the　ceU
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cycle　in　G2　phase　by　inaCtivation　of　Cdc2　mediated　by　p38　activatio皿．　HovveΨer，曾ea㎞ent　wi也

SB202190　was　not　able　to　recover　completely・the　arrest．　The　fbllowhlg　th肥e　possibilities　’are　under

considera蓑on　fbr　this　incomplete　recoyery；　specificity　of　the　inhibito正，　relationship　of　another

pathway」and　the　necessity　of　p38．

　　　Four　isoforms　are　knoWn　as　human・　p38　MAPK（p38α，β，γ，andδ）．　SB202190　preferentiaily

ta正gets　the　p38αand　P38β，　but　does　not　p38γand　p38δ（Nebreda・a皿｛¶　Porras，2000）∴Bomb）ac　P38　are

more　similar　to　p38｛x　and　p38β也an　p38γor　p38δ，　and　SB202190　is　eXpected　to　have　h丑Ubitory

effect　on五〇摺蜘p38　fbr　this　reason。　However，　there　remains　a　possibility仕1at　the　specific註y　of

SB202190　is　insufiicient　fer・Be栩輪p38．　Knockdown　of　p38　us桓g　RNA　h並erference　woUldもe　a

usef誕tool　to　clarify　this　possibilityL

　　　It．is　likely　that　tthe　seme　signal　pathways　eoerdi　late　・i血G2』M　arrest　by　heat　stress．　Miyakoda召t・al．

（2002）observed　that　heat　shock血duces　a舩Xda・telangiectasia　mutated（ATM）actiΨation　in

ma㎜㎡ian　cell　lines．　DNA　damage　eheckPoint　caused　by　uv　radiation，　ion肱ing　tadiati皿and

others　are’　well　studied　as　the’Mechanism　of　G2nNt（　arrest量nvolved　in　control　of　Cdc2．phosphorylati皿

s㈱（S紐・h・z・et・al．，1997；d・Vri・・et・aL，2005）．　Damaged・DNA・’is・sens・d　byATM翻A皿（A誕

紐dR孤13－re1磁ed）㎞蹴』ilies．　These㎞｛姪es緬m三t也e　sign出o縮o　downs甘eam㎞ases，

Chkl　alld　Chk2．　Cdc25　phospha重ase　is　phosphorylated　by　Chk　l　and　Chk2，　a血d　thenもind　・te　14r3－3

proteins　which　are　nuclear　export　factors．　Sepa1ation　of　Cdc25　f｝om　CDK　co1nplex　in　nucIeus
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i血hibitS　Cdc2　activatio血a血d　arrestS　the　cell　cycle　in　G2　pibase（Lopez←（｝血’ona●’α1．，1999）．　The

pa】rticipations　of　ACiMIATR　and　the　downstream　protems　Chk1／Chk2　in　the　G2Alvf　arrest　at　high

temperatUre　are　consideraもle．血ihibiti岨of　p38　MへPK　only　Inay　be　hlsu伍cient　to　recover

completely　G21M　aπest　at垣酔temperatロre．　Although，　h三gh　temperattrre　SUess　alse　phosphorylated

ano也er　MAPK　protein　ERK，　UO　126　w垣ch　is　an趾b註or　of　ERK　phosphorylatlon　could皿ot

recover　the　a鵬st　of　ceU　cycle　and　proli鉋ation短B斑N　ce三垂s　u寵er　high　temperature（1紅1published

data）．　Fτom掘s　resu1ち1適er　that　ERK　phosphoTyla績o盈is㎞dependent　of　the　G21M　a甘est　by　heat

streSS．

　　　Tlie　last董｝ossibi§ty　is　that　the　p38　activa杜on　is　needed　fbr　heat　tole舩ce　of］BMN　cells．

DrosOphila　lacking　p38鵬susce剛e　to蜘e　environmental　stress，　including　heat　shec私

oXidativ｛i　stress　a血d　s撤vation（Cr田9　et　a「．，2004）．　There　are　some　reportS　that辻tdUction　of　heat

shock・proteins　is　invo匡Ψed　in　p38　activation　i口mammalian　ceH（U』eh醐et　al・，1999；］hafiee　et　al・，

2006）．These　resu匡ts　suggest　the　possibility嚢lat莚10re　serious　damages　than　G2／M　arrest　occuπed　i騒

the　cel】IS　by　the　inhibition　ofl｝38　MAPK　at　high　tempera紬・

騒eat－induced・ROS巴e団殿杜②画紐d・the・invebeeme且t血the　cdi　eycle鯉噸

　　　W臨㏄c㎜誼h誌ea緒eated　cells？Our　s磁y　dis。oveT｛滋壺e　acc㎜薗a柱on　ofreac‡ive　o》rygeR

species（ROS）註1　the　celiS量ncubated　at　high　te岬eTa加fe（Fig．2－6）．　There　are　close　relati’ensh三p
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betwee皿high　temperatぱe　stress紐d　oxidatiΨe　stress．　The　expressions　of　heat　sh㏄k　proteins　are　also

induced　when　the　cells　are　exposed　by　oX　idative　stress（Courgeon召t　al．，1988，1990；Jomotθ如／．，

199玉）・On　the　other　han（1，0verexpression　of　a駐tioXidative　genes　in　yeast　provides　heat　resistance

（DaVidsen　et　al．，1996）．　High　temperature　induces　ROS　accumulation　in　many　species（K㎞et　al．，

2006；Velkov’et　al．，2006），　In血e　silkwo㎜，　the　expressio皿of　an　an目oxidant　e喝㎜es，　thioredoxin

peroxidase，　is　induced恒transcriptio血al　and　tranSlational　level　by　heat　shock（Lee　et　al．，2005；K血n

θ’a「．，2007），suggesting　that　ROS　is　accumulated　under　high　temperature　in　the　si止worms．

Generatio皿of　ROS　probabIy　damages　protei血s，　lipids，　and　particularly　DNA　in　BmN　cells．　These

damages　cause　activation　of　p38，　and　then　the　signal　is　tr鋤smitted　to　G21M　cheelepoi　lt　pathway．

Recently，伽o　repo舳ow血e　evidence伽t　heat　shock　induces・double－s甘紐d　bre齢m輌i皿

cells（Takahashi　et　al．，2004；1kaneke　et　al．，2005）．　If　the　deuble吟strand　breaks　occuπed　m　BmN　cells

at　38°C，　involvement　ofpathways　mediated　by　ATM　and　ATR．remain　controversial．

　　　Tb　prevent　ROS　accumulati皿by　heat　stress，　ascorbic　acid　which　is　one　of　antioxidantS　was

added　in　the　medium．　Addition　of　ascOrbic　acid　decreaSed　generation　of　ROS　in　the　normal　state　’and

delay・d　ind蜘n・f由・h・at・tress　・tat・（Fig．　2－6）．　T・g・th・・舳也・ret・・dati・n・f　ROs

acc澗Uiatio4　the　phosphorylation　of　p38　by　high　temperature　was　delayed　and　weakened（Fig．

2－7A）．　F加he㎜魍，　pre仕eatme伽lith　ascorbic　acid．tecovered　slightly　the　cell　growth　and　ceIl　cycle

arrest　at　high　temperature（Fig．2－7B　and　C）．　On　the　other　hand，　BmN　cells　directly　treated　with

58



H202（°ne°f也e　ROS）sh°㌣ed　r絃゜ng°趣ti°n加d　a　se亘es°f　G・胴蹴・st・㎞1肋血・

observation　umder　heat　”stress　conditio血（Fig．2－8A　and　B）．　From　these　resUlts，　I　propose　that

abnorma1㎞9h　tempera加re　fbr血1sec随induces　oXidative　damage　to　the　cells　a血d　consequently

activates　G21M　checkpoint　pathway．　However，　my　stUdy　is　not　capable　fbr　denyi皿g　the　possibility

that　high　temperature　damages　to　the　cells　directly．　Treatment輔th　ascorbic　acid語insufficient　to

prevent　BmN　cells丘om　accumulating　ROS．　If　ROS　generation　was　completely　suppressed　by

treatment　with磁her　antioxida血tS　or　overexpression　of　antioxidant’enzymes，　the　ques目on　woωd　be

solved．
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FIGURES　AND　TA8LES

Name Sequence　（5’　to　3）

B．mori　cdc2　F

B．mo酋cdc2　R

B．mo亘cydih　A　F

B．mori　eyclin　A　R

B．m磁cyc1血1　B　F

且mo亘cyd血BR
B．mori　cdc25　F

B．mori　cdD25　R

B．mori　cycl血1　D　F

B．mori　cyclin　D　R

B』no由P49　F

B．mori　rp49　R

B．mori　hsp70　F

B』no亘h甲70　R

GACGCTTACATCAGAGTGAC

GGAACCCAACTGAGTTGTAC

TGCACAGA㏄GACAGAGA
CTGTTCCGACAAGTTGAAGC

GCCGGAGACAACAACAGC
GGGTCTCGCAAGACAGAA
AACTGATCCGAGGAGCTTAC

CGTT㏄AATGAGAATTCGCAG
AGTGGATGCTAGAGGTATG

CAACAGTAGACAGGCTGTG
TCGGATCGCTATGACAAALC

ACTAGGAC㎝ACGG触TC
GGCAACCGTATCACACCATC

TTCTTCTGGCGCAAATCGTT

Table　2－1

OUgo盤ucleotide　primlers　used血the　re惑輯time　quantitative　PCR
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　Figure　2－1

　　　Expression　pattern　ofcell　cycle　genes．　BmN　cells　weTe　incubated　for　24　h　at　260r　38°C　and　then

total　RNA　were　isolated．　The　RNA　was　converted　to　cDNA　and　amplified　by　rea1－time　quantitative

PCR．　The　level　of　each　cell　cycle　gene　is　means　of　three　assays，　which　is　calculated　relative　to　that

ofthe　expression　recorded　for　the　level　at　26°C．　Error　bars，　SD．
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Figure　2－2

　　The　effect　of　cell　cycle　inhibitors　on　BmN　cells．（A）BmN　cells　treated　with　l　mM　hydroxyurea

（HU）or　O．25μg／ml　colcemid（Col）were　incubated　fbr　48　h　at　26°C　and　then　fixed．　After　the　DNA

stained　with　propidium　iodide，　content　and　intensity　of　fluorescence　was　measured　by　LSC．　The

histograms　were　drawn　using　LSC　software．　The　phase　of　cell　cycle　is　indicated　with　each　peak．　G2

and　M　phase　were　discriminated　by　nuorescence　intensity　svhich　reflected　chromatin　condensation．

（B）Phospho－Cdc20r　total－Cdc21evels　of　BmN　cells　treated　with　hydroxyurea　or　colcemid　fbr　48　h

were　detected　by　Western　blotting　using　antibodies　against　phospho－Tyr15－Cdc2　0r　Cdc2

（PSTAIR．E）．　The　blot　presented　is　representative　of　three　separate　experiments．　Blots　were　analyzed

by　Scion　Ilnages．　The　relative　densitonletric　readings（control＝　1）of　P－Cdc2／Cdc2　f㌃om　three
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‘　●　　▲：

separate　expe1㎞ents　are　presented　in　the　upPer　panel　as皿eans土SD．　BarS　With　dif琵renf　let動e指

i血dicate　statistical　difference　at　P＜・0．01．

■
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Figure　2－3

　　　The　effect　of　high　temperatUre　on　Cdc2　phosphorylation．　B皿N　cells　were　cultured　fbr　indicated

time　at　260r　38°C．　The　cells　were　then　dissolved　in　sample　buffer　and　analyzed　by　Western　blotting

using　antibodies　against　phospho－Tyrl5－Cdc2　0r　Cdc2　（PSTAIRE）．　The　blot　presented　is

representative　of　three　separate　experiments．　Blots　were　analyzed　by　Scion　Images．　The　rerative

densitometric　readings（contro1＝1）ofP－Cdc2／Cdc2　from　three　separate　experilnents　are　presented

in　the　upper　panel　as　means土SD．　Bars　with　different　letters　indicate　statistical　difference　at　P＜

O．05．
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A

Phospho弔38

　　　　　　Tubulin

B

Phosphop38

Figure　2－4

　　　　　　　　26rC　　　　　　　　　　　　　38『C

－一 S耳rゲ＋螺．

　　　38℃→2從

0　　6　　12　24　h

唱■●　一頃一噛口．

　　The　effect　of　high　temperatUre　on　p38　phosphorylation．（A）BmN　cells　were　cultured　fbr

indicated　time　at　260r　38°C．　The　cells　were　then　dissolved　in　sample　buffer　and　analyzed　by

Westem　blotting　using　antibody　against　phospho－p38．　Tubulin　blotting　shows　equal　loading．（B）

BmN　cells　incubated　fbr　24　h　at　38℃were　shifted　in　temperature　to　26°C　and　subsequently

incubated　fbr　indicated　tirne．
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Figure　2－5

　　The　effects　of　p38　inhibitor　on　heat－induced　cell　cycle　arrest．（A）BmN　ceUs　were　pretreated

with　SB202190（SB）fbr　l　h　and　then　cultured　at　260r　38°C　fbr　24　h．　The　cell　numbers　were　then

counted　under　an　inverted　microscope．　The　relative　cell　numbers（no　inhibitor　in　DMSO＝1）from

three　independent　wells　were　indicated　as　means±SD．（B）The　cells　pretreated　with　SB202190　were

incubated　fbr　24　h　at　260r　38°C，　and　then　fixed．　Fixative　cells　were　stained　with　DNA　dye

（propidium　iodide）and　analyzed　the　cell　cycle　using　LSC．　Data　represent　the　means±SD　ofthree

independent　experiments　and　different　letters　indicate　statistical　difference　at　P＜0．05．（C）The　cells

pretreated　with　SB202190　cultured　fbr　24　h　at　260r　38°C．　The　cells　were　then　dissolved　in　sample
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　　Generation　of　ROS　by　high　temperature　stress．（A）BmN　cells　were　cultured　fbr　indicated　times

at　260r　38°C，　and　then　treated　with　50　pM　2’，7’－dichlorefluorescin　diacetate（DCFH－DA；Specific

dye　fbr　H20z）．　After　incubated　with　DCFH－DA　fbr　30　min　at　26°C，　the　cells　were　washed　three

times　with　insect　PBS　and　immediately　analyzed　using　fluorescent　microscopy．　BF：Blight　field，

DCFH：Green　channe1．（B）BmN　cells　svere　preincubated　with　500　ttM　ascorbic　acid（AA）fbr　24　h

at　26°C．　Ascorbic　acid－treated　cells　were　shifted　in　temperatUre　to　38°C　and　cultUred　fbr　indicated

time．
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Figure　2－7
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　　　　　　　　　　　　　　　　rbic　acid　on　the　cell　cycle　arrest　mediated　by　heat　activated　p38．（A）BmN

　｜ls　were　incubated　with　or　without　500μM　ascorbic　acid（AA）fbr　24　h　at　26°C．　Then，　the　cells

were　shifted　in　temperature　to　38°C．　The　cells　were　dissolved　in　sample　buffer　at　indicated　time　and

analyzed　by　Western　blotting　using　antibody　against　phospho－p38．（B）BmN　cells　pretreated　with

ascorbic　acid　were　cultured　fbr　24　h　at　260r　38°C　and　then　counted　under　an　inverted　microscope．

The　relative　cell　numbers（no　antioxidant　in　DDW＝1）fi：om　three　independent　wells　were　indicated

as　means±SD㎡（C）The　cells　pretreated　with　ascorbic　acid　were　cultivated　fbr　24　h　at　260r　38°C

and　then　Iaser　scanning　cytometry　was　perfbrlned．　Data　represent　the　means士SD　of　three
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Figure　2－8

　　The　effects　ofH202　on　BmN　eells．（A）BmN　cells　were　incubated　with　DCFH－DA（五na150μM）

fbr　l　h，　and　subsequently　treatgd　with　l　OOμM　H202　fbr　30　min　at　26°C．　After　the　treatment，　the　cells

were　washed　three　times　with　insect　PBS　and　immediately　analyzed　using　fluorescent　microscopy．

T（）examine　the　effects　of　antioxidant，　BmN　cells　were　preirlcubated　with　ascorbic　acid（AA）fbr　24

hat　26°C．　BF：Blight　field，　DCFH：Green　channeL（B）Cell　cycle　analysis　using　LSC　were

attempted　in　the　cells　incubated　with　100　pM　H20ユfbr　24　h　at　26°C．　The　recovery　fTom　the　arrest　of

cell　cycle　was　examined　when　Hユ02　were　removed　from　the　medium　by　washing．　The　washed　cells

were　subsequently　incubated　fbr　24　h　and　then　laser　scanning　cytometry　was　perfbrmed．　The
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垣stograms　were　drawn　usmg　LSC　software．　The　・percentages　of　cel正cycle　in　G葦and　G21M　phase　are

indicated　above　each　peak．
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CHAPTER　3

Effeets　of　High　Temperature　oR　the　Hemocyte　Cell　Cycle　ill　Silkworm

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　La　rvae

lN’「RODUCTION

　　　A　close　relationship　existS　betWeen　insect　development　and　temperatUre．麺an疏er　of　insect

species，　the　growth　rate　is　i皿creased　and　the　developmental　period　is　shortened　as　the　temperature

increases（Wigglesworth，1972）．1｛oweveらeach　species　has　its　own　range　of　opt加al　temperatUres

fbr　grow出，　and　eXtremely　high　tempera加res　inhibit　rather　than　promote　growth　by㎞ducing　grow出

delays　and　developmentai　failures，　sudl　a51arval　ecdysis　and　adult　emergence（Chapman，1998〕．

The　mecha垣sms　underlying　these　ef董記ts　are　unknown．　in　dis　chapter，　I　sought　to　understand　the

effects　of　h三gh　temperature　on　insect　growth　at　the　ceIlular　Ievel．

　　　1　investigated　the　effectS　of　high　temperatures　on　cultured　cells　derived　from　．　the　silkworm，

Bombyx　mor匡（CHAPTER　1）．　At　38°C，　which　is　an　unusually　higb　tempera加re　fbr　siIkworms，　the

cells　did　not　die　but　were　arrested　in　G2．　From也is　resuIL．I　speculated廿1at　the血duction　of「acell

cycle鉗est　by　high　tempera鯨es　is　cl・se1y　related　t・血e　supPressi・n・f　insect　9r・w血鋤d

development．　To　coirfirm　this　speculation，1｛nvestigated　whether　the　cell　cycle紺est　observed　in
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cロltured　cells　in　response　to　high　temperatt皿es　a　lso　occurs　in　silkworms．

　　　CeU　division　in　inseets　depends　on　th’e　developmental　stage　of　the　individual　and　is　strongly

regulated　by　the　hemolymph　concentration　of　such　hormones　as　2伽hydroxyecdysone（20E）and

juvenile　hormoneσH）．　Gardiner　and　Strand（2000）showed　that・Iepidopteran　hemocyte　grow廿i

tended　to　be　higher　at　the　feeding　stage（i．e．，　the　middle　of　each　instar）than　at　the　molting　stage．

Koyama　et　al．（2004）demonstrated　the　control　exerted　by　20E　on廿1e　cell　cycle　inβoη1輌wing

discs　in　detail，　while　Truman　et　al．（2006）shewed　that　JH　suppresses　the　greWtli　and　development　of

抽ag01al　tissues　i　l　starvedルtanduca　larvae　after　ecdysis．　These　results　suggest　that　ceII　cycle　varies

over　the　course　of　development　in　response　to　endocrine　signals．　For　these　reasons，　the　status　of　the

cell　cycIe　during　each　growth　phase　must　be　understood　in　order　to　analyze　the　effects　of　high

temperatUres　en　insect　cells．

　　　It　is　di伍cult　to　monitor　the　progression　of　01sect　cells　through　the　cell　cycle　based　on　DNA

content，　because　endorepIication（i．e．，　the　replication　of　DNA　during　S　phase　without　the　subsequent

completion　of　mitosis）is　a　widespread　phenomenon　in　arthropods，　meaning　that　many　insect　celIs

are　polyploid（Smith　and　Orr－Weaver，1991；Edgar　and　Orr－Weaver，2001）．　This　poses　a　very　serious

problem　fbr　cell　cycle　analysis，5ince　the　DNA　content　of　a　diploid　cell　at　G2　is　equal　to　that　of

tetraploid　cell　at　GI．

　　　In　this　chapter，　cell　proliferation　and　division　were　stUdied　using　BomblJec　hemocytes・　which　are
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easily　isolated・Silkwo地hemocytes　are　classi五ed　into　five　mo中hotypes：9ranuIocytes，

plasmatocytes，　prohemocytes，　sphenllocytes，　and　oenocytoids（Nittono，196e；Akai　and　Sato，1973；

Wago，1991）・Larval　hemocytes　are　produced　in　the　hematopoietic　organ（Akai　and・Sato，197玉），　and

proliferate　by　mitosis　in　the　hemolymph（Amold　and　Hinks，1976，玉982；Beaulaton，1979；Feir，

1979；Gardi皿er　and　Strand，2000）．　Mitosis　has　been　observed　in　proh斑locytes，　gra皿ulocytes，　a皿d，

rarely，　in　sphenllocytes（Ni廿ono，1960）．　The皿umber　of　hemoCytes　and血eir　componentS　fiuctUates

durin99rowth（Gardi血er　and　Strand，2000）．

　　　Here，　I　investigated　hemocyte　proliferation　and　divisio皿in　Bombyx　mori　t±trough　the　larval

molting　cycle，　and　I　assessed　the　effectS　of　high　temperatures　on　these　events．　Tb　understand　the

effectS　ef　temperatUre　on　the　hemocyte　cell　cycle，1　began　by　characterizi　lg　hemecyte　proli｛’erati皿

and　divisien　at　each．　stage　ef　larval　development　under　norma1　conditions．1　then　analyzed　the　DNA

content　of　each　type　of　hemocyte　a皿d　itS　progression　thurough　the　cell　cycle．
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MATERIALS　AND　METHODS

SilkWorms

　　　Shoon　Bombyx　m　ori　silkworms　were　used元n　t垣s　study．　The　larvae　were　reared　on　an　artificial

diet（Nihonnosankogyo　Co、，　Japan）u皿der　a　continuous　cycle　ef　12　h　light…md　12　h　darkness　at　25土

2°Cuntil　the　third　instar．　Twenty　newly　ecdysed　larvae　in　the　fo岨th　instar　were　then　transferred　to　a

plastic　case（205　cm　x　15．O　cm　x　5．2　cm）a皿d　reared　at　260r　38°C　without　light．　Fluctuations　in

temperatUre　in　the　incubators　were　controlled　within　e．5°C　and　the　humidity　was　maintained　at

60－70％．Fresh　food　was　administered　each　day　to　avoid　deterieration，　and　the　weight　of　each　larva

（three　males　and廿rree　fbmales）was　measured　unti1　ecdysis　to　the　fi丘h　instar．

Hemocyte甲an面励on

　　　H・m・1ymPh・was・c・11・・t・d・血t・Parafllm’M　fr・血㎞cisi・ns　m・d・i杣e　cau緬h・m・feach　1鵬

and　5　pl　ef　the　flUid　were　placed　immediately　into　a　single　well　of　a　96・・well’ @micrOplate　with　100　pl

of　phos碑ate・buffered　saline（PB　S；10血M　Na2HPO4，138　mM　NaC1，　and　2．7　mM　KCI，　pH　7．4）

conta㎞g　lO％　forrnalin　and　O．001％　1－phenyl－2一伽ourea　to　prevent　mela1泣ation　of廿1e

hemolymph．　The　hemocytes，　which　were　fixed　at　the　bottom　ef　the　well・were　then　counted（five

random　areas，6．35　x　104　cm2　each）under　an　inverted　microscope，　a血d　the　density　of　the　hemocytes

was　calculated．　Our　preliminary　results　showed也at　almost　all　of也e　hemocytes　were　fixed　at　the
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bottom．　The　amourEt　of　hemolymph　contained　in　a　fourth－instar　larva　js　estimated　at　30％ofthe　total

body　weight（Nagata　et　al．，1980）．　Thus，　the　tota1　nu1nber　of　hemocytes　’per　larva　was　eStimated　by

Inultiplying　the　hemocyte　density　by　the　estimated　hemolymph　volume．

Detec技0丑of　mitotic　hemo£ytes

　　　The　number　of　hemocytes　undergoing　mitosis　was　assessed　immunohistochemically　as　described

by　Ch醐pl㎞飢d　T㎜鋤（1998）皿d　Koy鋼et　al．（2004）with　minor　mod描cations．　Hem輌ph

was・collected・from・the・larvae（血ee・males・and・three・females）by　the　above一聯皿tioned・method・and

m｛xed　by　gently・　pipetting　on　ParafrilmTM．　A　50－100　pl　aliquot　of　the　miXture　was　then　placed　on　the

lx1－cm2　area　of　a　slide　coated　with　poly－Lysine（POLY－PREPTM　SLfi）ES；Sigma－Aldrich　Co．，　Ltd．，

DorseL　UK）and　O．001％1－phenyl－2－thiourea　was　added．　The　hemocytes　were　allowed　to　attach　to

the　slides　at　room　temperature　fbr　10　min；subsequently」they　were　fixed　fbr　10　min　in　PBS

containi血93．7％paraformaldehyde．　After　three　washes　in　Tris－b咀ffered　saline（TB　S；25　mM　Tris・

137mM　NaCI，　and　2．7　mM　KCl，　pH　7．4）fbr　5　min　each，　the　h．emocytes　were　pe正meabilized　in　TBS

contai血90．1％Triton　X－100　fbr　5　min，　rinsed　in　TB　S・　and　blocked　fer　15・min　in　I％bovine　se㎜

alb画n．solubilized　M　S．　The　hemocytes　were　the幽sed　in　iB　S　fer　5　mi迦d　i㎜㎜os磁ned

with　a　1：200　diluti皿of　anti－phospho－histone・H3（Ser　10）antibody（Upstate　Biotec㎞010gy，　Lake

Plaoid，　NY，　USA）fbr　24　h　at　4°C．　After　being　washed廿rree　times　in　TBS　fbr　5　min　each・the
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hemocytes　were　incubated　with　a　1：400　dil磁ion　of　FITじconjugated　antiヰabbit　IgG　secondary

antibody（Jaclkson　Imm㎜oResearch　Laboratories，　Inc．，　West　Grove，　PA，　USA）for　l　h　a甘oom

temperatUre．　After　immunostaining，100μl　of　a　solution　containing　50μg／ml　RNase（Rjbonuclease；

Roche　Diagnostics　Co．，　Indianapolis，　PS，　USA）and　5μgたnl　propidium　iodide（PI；Sigm亀St．　Louis，

MO，　USA）we祀added　to　the　hemoc］戊es　and　in斑bated　fbr　l　h　at　37°C．　Fmally，　the　hemocytes　were

washed　three　times　in　TBS　fbr　5　m㎞each　and　mounted　in　Vectashield（Vector　Laboratories，

Burlingame，　CA，　USA）．　The　immunostai皿ed　hemocytes　were　observed　by　fluorescence　microscopy

using　a　UV　excitation　filter（BX51，01ympus，　Tokyo，　Japan）and　photographed　with　a　CCD　camera

（1）P70，01ympus）．

Ce聾　cycle　analysis朋d　elassMieatio丑of　the血emoeytes

　　　Fixed　hemocytes　were　washed　three　times　with　100　pl　of　PBS；100μl　of　RNase－PI（50　pg／ml

RNase　and　5　pglml　PI）were　then　added，　and　the　cells　were　incubated　fbr　24　h　at　37°C．　Finally，　the

hemooytes　were　mounted　in　Vectashield，　and　cellular　fluorescence　was　measured輌th　a　laser

scanr直ng　cytometer（LSC；Olympus；Luther　and　Kamentsk）～1996；DarZynkieWicz　et　al・・1999）・PI

輪res。斑ce（610－620㎜）was　detected　u砲g　an｛irgon　laser　at　488　nm・Arl　average　of　10・000

hemocytes　per　slide　was　scanned　automaticaユ1y　using　a　40　x　obj　ective　lens・At　the　start　of　scanning

fbr　each　slide，　the　d甘eshold　of　photomultiplier　tUbe（PMT）sensi目Vity　was　a｛恥sted　such　that
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maXimum　detecti・n　of　the　stained　areas　was　achieved　with　minimal　detection　of　background

staining．　The　silkWorm　hemecytes　were　classified　into　five　types　based　on　the　criteria　of　Nitt皿o

（1960）and　Akai　and　Sato（1971，1973）．

”VVesterR　blotting

　　　Hemolymph　were　collected　into　a　1．5　ml　tube　on　ice　and　ce正UifUged　at　4，0eO　rpm　fer　’10　min　at

4℃．Precipitated　hemocytes　were　rinsed　with　cold　PB　S，　then　lysed　with　30　p1　of　SDS－sample　buffer

（50　mM　Tris－HC1：pH　6、8，2％sodium　dedecyl　sulfate，0．86　M　2－lnercaptoethanol，10％glycero1）．

After　the　samples　denatロted　by　boiling，　the　protein　a㎜ount　was　measured　by　us三ng　a　Bio－Rad

Protein　Assay　Kit（Bio－Rad　La」boratories，｝｛ercules，　CA，　USA）．　SDS－PAGE　was　conducted　by　the

method　of　Laemmli（Laemmli，1970）．　Twenty　five　pg　of　proteins　were　analyzed　in　l　O％

polyacrylamide　gel　and　electrophoretically　transferred　to　PVDF　membranes（Millipore，　B　edfbrd，

MA，　USA）using　transfer　buffer（25　mM　Tris，192　mM　glycine，　and　20％m¢thanol）．　The　melnbranes

were　blocked　for　l　h　at　roo1n　temperature　in　TBS／T　buffer（0・1％Tween－20，25　mM　Tris，　and　150

mM　NaC1，　pH　7．6）containing　2％ECL　Adv壬mce　blocking　agent．　The　blotted　membranes　were

washed　three　times　fbr　5　min　each　with　TB　S！T｝）u鑑∋r　and　then　in斑bated　overnight　at　4℃with　each

primary　antibody．　Used　antibodies　were　rabbit　anti・pbospho－Cdc2（Sig1na）and　anti－Cdc2（P　STAH｛E・

Upstate　Biote¢hnology）．　They　were　diluted　at　1：2000三n　TBS／T　containing　5％bovi鵬seruln
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albumin・　After　incubation　w註h　the　primary　antibodies，　the　melnbranes　were　washed　five　times　with

TBS♪T．　Secondary　a斑ibod三es，　horse　radish　peroXidase－conjugated　anti－rabbit　Ig（｝（Cell　SignaI桓g

Tec加010gy　Inc．，　Bever匡y，　MA，　USA）diluted　at　1：4000　in　TBS♪r　buffer　contaiRing　2％ECL

Adv賠ce　bloc㎞g　4genL　were也en　added　and　f池her　incubated　fbr　l　h　at　room　tempera加re．　The

membranes　were　then　w岱hed五ve　t加es　in　TBS圧1㎜unorea。tivity　was　visualized　using　an　ECL

Adva血ce　Westem　Blot血g　Detection　Kit（Amersham　Biotech，　Li廿Ie　Chalfo就BuckinghamshiTe，

UK）and　LA　S－1000　Lulninescence㎞age　Analyzer（Fuj　i　Photo　Film　Co．，　Ltd．，　Tokyo，　Japan）．

Densitometric　a瑚lyses　were　condueted琶1rough　use　of　a　PC　software，　Scionl血ages　for　Windows

（Scion　Co．，　FTedericl～MD，　USA）．
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RESULTS

Effect　of　kig血temperature　o臼hemocyte　pro田reration

　　　T（｝estimate　the　number　of　ch℃ulating　hemocytes　in　fburth－instar　larvae　reared　at　260r　38°C，

larΨal　body　weight　and　hemocyte　density　in　the　hemolymph　were　examined．　At　26℃，　body　weight

increased　constantly　f｝om　day　e’　to　day　3（Fig．3－1A）．　When　the　weight　of　the　larvae　reached　．ab皿t

O．8g，　the　larvae　stopped　feeding　and　entered　the　molting　phase．　Head　capsule　slippage，　whlch

signais　the　begiiming　of　the　melting　process，　was　observed　between　day　3　and　day　4，　and　ecdysis　to

丘tilih－iiist　r　larvae　occurred　between　day　4　and　day　5．　In　contrasちat　38℃，　Iittle　weight　gain　was

observed　up　to　day　4．　The　s証kworms　did　not　f辿ed　as　often，　and　they　gradu由ly　weakened　and　died

with・ut・nt・ring・the・m・1血9　Phおe．　Hem・・yt・d・n・ity・rang・d加m　apP・・油1at・ly・3・106　t・5・le6

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　6
ceils／ml　during　the　fourth　larva1　stadium　at　26℃；however，　at　38°C，　the　density　decreased　to　l　x　10

cells／ml　over　24　h　and　rema桓ed　unchanged　during　the　next　3　days（Fig．3一王B）．　The　number　of

circulating　hemocytes　in　the　larvae，　calculated　by　mU　ltiplying　the　hemocyte　density　by　the　estimated

hemecyte　volume，　is　shown　in　Figure　3－lC．　At　26°C，　the　total　number　of　hemocYtes　in．　the　larvae

in、，㈱d、teadil痴m　apP・・xim・t・1y　l　x　lO5・n　d・y　O　t・10・105　ce11・・n　day　3，　md紬・t・PPed

at　the　molting　Phase．玉h　contrasちduring也e　same’4－day　period・the　hemocytes　of　the　larvae　kept　at

38°Cdid　not　proli」ferate．
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Effe¢t　of　a　tempera加re・s血ift　on　hemocyte　proliferatio皿

　　　Beginning　at　the　fourth　larval　stadium，　the　rearing　temperature　was　shifted　from　26　to　38°C　or

廿om　38　to　26°C　every　day，　and　the　number　of　hemocytes　in　each　individual　was　counted．　A　shi丘in

temperatUre　from　low　to　high　en　day　1　and　day　2　resulted　in　a　decrease　in　the　weight　gain　compared

to　no　shift　in　temperatUre（Fig．3－2A）．　Body　weight　was　a　lso　reduced　by　a　high　temperatUre　shift　on

day　3　because　．the　silkworms　entered　the　molting　phase．　The　higher　temperature　inhibited　hemocyte

proliferation，　anLd　the　nulnber　of　hemocytes　subsequently　decreased（Fig．3－2B）．　When　larvae　reared

at　38°C　were　transferred　to　26°C，　little　recovery　in　body　weight　was　observed；however」hemocyte

pr61iferation　quick　Iy　recovered　to　the　level　seen　i皿1arvae　reared　at　26°c　fbr　l　day（Fig．3－2c）．

Effect　of　high　tempera加re　o匝血emoeyte　diviSion

　　　㎞皿unostai1血ng　with　an　antibody．against　phospho－histone－｝13（an　M　phase　marker）was　used　to

examine　the　propertion　ofmitotic　hemocytes．　The　ratio　of　mitotic　hemocytes　is　illustrated　in　Figure

3－3A　and　B．　Fourth－instar　larvae　just　after　ecdysis　had　few　mitotic　hemocytes　in廿1eir　helnolymph．

Mitotic　hemocytes　were　observed　mere　frequently　between　days　l　and　2　than　during　any　other

period　at　26°C．　On　days　3　and　4，　when　the　silk7worms　stopPed　feeding　and　entered　the　molting　phase・

the　number　of　hemocytes　undergoing　mitosis　decreased　again・A卵hemoc弊es　in　meゆ品e　were

observed　on　days　l　and　2，　but　only　rarely　during　the　other　stages・At　38℃・there　were　scarcely　any
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mitotic　hemocytes　in　the　fou曲Iarval　stadium，　regardless　of　the　day．　Ahnost　ail　of　the　mitotic

hemocytes　were　granulocytes；mitotic　prohemocytes　and　spherulocytes　were　inf『equently　observed，

and　no　mitotic　plasmatocytes　or　oenocytoids　were　fbund．

Effect　of　hig血tempera加re　OR　the　hemoeyte　cell　cycle

　　　The　cell　cycle　progression　of　hemocytes　iso正ated丘om　silkWomms　was　analyzed（Fig．34　and

Table　3－1エThe　hemocytes　exhibited　three　main　peakS　of　DNA　conte皿t：2C，4C，　and　8C．　DNA

content　was　defined　in　relation　to　that　of　a　spemmatogonium（IC）．　Although　he皿ocytes　with　a　DNA

content　greater　than王6C　eXisted，　they　were　rare．　Hemocytes　with　2C（45．2％）and　4C（38．1％）nuclei

were　predominant，　while　those　With　8C（16．7％）were　in　the　minority　at　the　beginning　of　the　fourth

larva　1　stadium．　The　perce皿tage　of　2C　hemooytes　decreased　gradually　to　31．3％at　IV3（i．e．，　day　30f

the　feurth　larval　stage）at　26°C，　whereas　the　percentages　of　4C　and　8C　hemocytes　increased　to　42．6

and　26．王％，　respectively．　After　the　silkworms　entered　the　molting　phase（i．e．，　at　rV4），　the　percentage

of　8C　hemocytes　dropped　to　I　4．4％（2C：42．8％，4C：42．8％）and　the　distribution　of　DNA　content

was　similar　to　that　at　IVO．　No　significant　difirerence　was　observed　between　IVO（2C：48・4％，4C：

38．2％，and　8C：B．4％）and　IV1（2C：45．5％，4C：34・50／o，　and　8C：20・0％）at　38℃・Among　the

silkworms　reared　at　38。C，　the　number　ef　hemocytes　with　a　higher　DNA　content　increased　steadily・

At　IV3，　the　per¢entages　of　2C，4C，　and　8C　hemocytes　were　17・7％・36・0％・　and　46・3e／e・respectively・
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Adown・shift　in　DNA　centent　at　IV3　was　not　observed　at　38°C．

Ce㎜cycle　a皿alysis

　　　To　deterrnine　the　types　of　hemocytes　with　each　DNA　centenち1　investigated　the　’cell・cycle　status

of　each　individual　hemocyte　type、　Afセer　complethlg　my　analysis　of　the　entire　cell　cycle，　the

hemocytes　on　each　slide　glass　were　classified　into　five　morphotypes　as　per　the　criteria　described　in

the　MATERIALS　AND　METHODS．　Representative　photographs　of　each　type　of　Bombyt　hemocyte

are　showll　in　Figure　3－5A，　a皿d　the　proportion　of　hemocytes　with　2C－8C　in　fburth－instar　larvae　is

displayed　in　Figure　3－5B．　Most　of　the　cells　were　granulocytes　at　al1　stadia（oΨer　50％）at　26°C；

however，　at　38°C，　the　number　of鋼uloc摂es　gradually　decreased　to　40％．　The　ratio　of

plasmatocytes　increased　to　32％on　day　3　and　then　decreased　during　the　molting　phase（day　4）at

26°C；at　38°C，　the　ratio　increased　to　48％by　day　3．　The　number　of　spherulocytes　at　the　early　phase

i皿fourth・instar　Iarvae　was　larger　than　at　the　late　stage　at　both　26　and　38°C．　The　number　of

prohemocytes　and・　oenocytoids　remained　extremely　smal1　at　both　26　and　38℃．

　　Among　the　larvae　grown　at　26°C，　the　perce皿tage　of　9ranU　Iocytes　with　2C・nuclei　decreased　at　IV　l

and　increased　at　IV4（Fig．3－5C）；conversely，　the　percentage　of　4C　and　8C　granulocytes　increased　at

rVI　and　decreased　at　IV4．　At　38°C，　the　percentage　of　8C　granulocytes　increased丘om　7　to　28％

within　3　days，　vvhile　the　percentage　of　2C　9ranulocytes　dropPed　from　58　to　35％・In　the　case　of　the
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plasmatocytes，　the　percentages　of　2C，4C，　and　8C　cells　were　r皿ghly　equal　in　fourth－instar　larvae

before　feeding（Fig．3－5D）；however，　the　DNA　content　of　the　plasmatocytes　increased　tevvard　IV3　at

26and　38°C．　The　percentage　of　8C　plasmatocytes　decreased　at　IV4　after　ecdysis．　Almost　a　Il　of　the

spherulecytes　had　a　2C　DNA　eontent，　and　they　remained　largely　u皿changed　in　fourth－instar　larvae　at

26and　38°C（Fig．3－5E）．　The　statUs　of　the　prohemocytes　and　oenocytoids　was　not　determined

because　so　few　of　each　celI　type　were　present．

PkospkoryRation　level　of　Cdc2

Fも・p・・ceedi血9・fr・m　G・t・M・ph・・e，・Thr14紐岬5．・n　Cd・2・ar・b・也d・ph・・p廟1・t・d　by　a

dual－specificity　phosphatase　terrned　Cdc25（Morga皿，1995）．　To　examine　the　phosphorylation　state　of

Cdc2　in　the　hemocytes　of　silkworm　reared　at　bigh　temperat皿re，　Western　blotting　using　anti

phospho－Tyr］5－Cdc2　antibody　was　perfbnned、　Total　amount　of　Cdc2　fluctuated　thrrough

fburth－instar　larvae　at　26℃（Fig．3－6A）．　Expression　level　ef　hemocyte　Cdc2　was　low　at　day　O　of　the

fburth　larval　stage．　The　expression　leΨel　increased　greatly　on　day　l　and　reached也e　maximum　on

day　2．　After　thaL　Cdc2　decreased　gradua11y　between　days　3　and　4・The　fluctuation　pattern　of

phosphofylated　Cdc2　was　similar　to也at　of　total－Cdc2（Figゴ3－6B），　namely　the　phosphorylation　level

of　Cdc2　was　largely　inΨariabIe　through　the　fou血Iarval　stage（Fig・　3－6C）・At　38°C，　a　little　increase

of　Cdc2　was　observed　up　to　day　3、　Because　the　increase　of　phospho－Cdc2　was　higher　than　that　of
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tota1－Cdc2；・the三phosphoTylation’level　of　Cdc2　hi　tbe　larvae　at　38°C　waS　l　5　ti血es　as　high　as　at　26。C

1

」

’己
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DISCUSSION

Timing　of　hemocyte　proliferation

　　　Few　hemocytes　underwent　mitosis皿til　feeding（Fig．3－3）．　When　the　sil㎞・orms　stopPed　feeding

and　entered　the　molting　phase，　helnocyte　proliferation　was　suppressed　again．　Our　results　are

consistent　with　the　pattern　ef　hemocyte　DNA　s　yrithesis　in　Ps召吻1嬬α匡nclUiens　and、！9podoptera

」垣g字召励（Gardiner　and　Strand，2000）．董n　these　lepidopterans，　hemocyte　growth　is　higher　during

白eding　than　molting．　This　pattern　is　similar　to　previously　reported　mitotic　indices（Crossely，1975；

Pathak，1986），　suggest祖g　that　lepidopteran　hemocyte　proliferation　fluctUates　with　the　mo抽1g　cycle．

1　eenfirmed　the　same　pattern　of　cell　division　in　Bombjyx　hemocytes．

　　　ln　Manduca，　cell　division　associated　with也e　development　of　the　eyes，　leg　primerdia，　and　wing

imaginal　discs　was　suppressed　by　JH　at也e　onset　o拙e　l鶴t　1綱s抱ge（T㎜翻α『．，2006）．　The

fbmlation　and　grow也of　these　pr撫ordia　was惑so　hlhibited　when　larvae　were　starved，　but　was

enhanced　when　the　larvae　began　te　feed．　Koyama　et　a「．（2004）reported　that　the　oell　cycle血wing

discs　of　Boη2躰was　controlled　by　20E．　Our　results　show　that　hemocyte　divisio皿is　dependent　on　the

larval　developmental　stage，　suggesting也at　the丑o溺躰hemocyte　cell　cycle　may　also　be　imder

horm皿al　control．
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Shifts　in　tke血el血gcyte¢e11　cycle

　　　The　DNA　content　of　the　hemocytes　increased　gradually　toward　the　molting　Phase，　and　8C

hemocytes　were　observed、　This　suggests　that　endoreplication　occurs　in丑o斑寧hemocytes．　By

immunoehemistry，　I　detected　mitosis　in　c廿culating　hemoc｝rtes．　Nittono（1960）observed　mitosis　in

prohemocytes，　granulocytes，　and，　rarely，　in　spherulocytes．　Most　of　the　circulating　hemocytes　in　the

larvae　were　granuleeytes（Fig．3－5B），　suggesting　that　the　shif已n　DNA　content　of　the　hemocytes　wa昼

la！gely　due　to　that　of　the　granulo　cytes　．　The　percentage　of　8C　granulocytes　decreased　rapidly　once

the　larvae　entered　the　melting　phase（Fig．3－5C）．　The　reason　for　this　is　probably　that　the’mature　8C

gra田locytes　finished　their　life　span　and　were　degraded　by　apoptosis　or　autophagocytosis（Okazaki

et　al．，2006）．　Many　lysosomes　were　detected　in　granulocytes　at　the　moI白1g　phase　using　a

lysosoi鵬一specific　proもe（data．not　shown），　and　seVeral　granulocytes　with　extremely　numerous

granules　and　active　adhesions　at廿1e　moiting　phase（Fig．3－5A）were　subsequently　degraded．　The

proportion　of　those　granulocytes　was　decreased　in　the　newly　ecdysed　Iarvae．　These　granulocytes

might　be　at　the　end　of　their　life　cycIe．　Dynamic　changes　in　the　DNA　content　ef　the　granulocytes

w，，臼b、e噸。nly・when・th・larvae・ente・ed血・fe曲9皿d　m・lting・phas・s，　whi・hp・・bably・efie・tS

磁ebeg㎞g　and　endmg　of　DNA　syn出esis　and　celI　division・

　・1　was　unable　to　document　the　prohemocyte　cell　cycle　because　so　few　prohemocytes　were　present

in　the　he皿olymph（Fig．3－5B）．　Prohemocytes　are　predominantly　located　in　the　hematopoietic　ergan，
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and　they　are　believed　to　differentiate　into　granulocytes　and　plasmatocytes　a丘er　entering　the

hemolymph（Yamashita　and　Iwabuchi，2001；Ling　e’al．，2005）．　The　number　of　hemocytes拍the

hematopoie廿c　organ　and　theΨ01urne　of　the　orga皿increase　gtadUally　throughout　the　feedi血9　Period

（Akai　and　Satoコ971；Nakahara　e’al．，2003），　indica甑g　that　prohemocytes　actively　proliferate㎞the

hematopoietic　organ．

　　　Those　plasmatecytes　vvith　a　2C　DNA　content　gradually　shifted　to　become　4C　and　8C（Fig．3－5D）．

Few　’mitotic　plasmatocytes　were　observed　in　hemolymph　in　previous　studies　and　i　1・my　expe血1ents；

however，　Gardiner　and　Strand（2000）reported　that　a11　types　of　hemocytes　with　the　exception　of

oenocytoids　synthesized　DNA　011arval　Pseza　ioplusia　inclttalens　and皐oψρオerα抱g字e磁～．　These

data　suggest　that　the　increase　in　DNA　content　of　the　p］a5matocytes　is　the　result　of　DNA　synthesis

without　mit6sis．　The　drop　in　the　number　of　mature　8c　plasmatocytes　at　lv4　suggests　that　hemeeyte

renewal　occurs　during　moIting，　as　in　the　case　of　9ranulocytes・

CeH　cycle　a　r肥st　of　hemocytes　at　a　high　temperatUre

　　　Few皿ritotic　hemocytes　were　Observed　and　proliferation　was　i　lhibited　’at　a　high　temperature（Figs．

3－lC　and　3－3）．　The　drop　in　preliferation　was　not　much　related　to　a　nutritional　deficiency　because　the

larvae　at　38。C　continued　to　feed｛and　increased　their　bedy　weight（Fig．3－lA）．　ln　addition，1　observed

no　increase　of　DNA　content　in　the　hemocytes　when　Iarvae　starved（Fig・　S－13），　whereas　hemocytes　in
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也e　la「vae・剛d・t　38°C　c・ntinu・d　t・・yn血・si　ze　DNA・These・esult∬uggest・that・the・nutriti・n　is

sufflcient　fbr　proceedmg　cell　cycle．　The　rapid　decrease　in　hemocyte　growth　fbllowing　a　shift　in

temperatUre　from　26　to　38°C　i耐he　middle　of　the　stadium・　also　sustain　the　possibility　that　cell　cycle

was　stoPPed　by　high　temperature（Fig．3－2B）．　More　expedments，　however，　would　be　needed　fbr

denyi　lg　effectS　of　nutrition　at　high　temperature．

　　　The　gadu惑acc㎜ul曲n　of　cells　wi血a㊥DNA　c皿tent　occ㎜ed舳e　hemoc辞es　of　I田vae

reared　at　38°C（Fig．34）．　This　indicates　that　at　a　high　teInperature，　hemocytes　carry　out　DNA

synthesis　but　not　mitosis．　I　previously　found毛hat　division　hl　BmN　cells，　which　are　derived　from

80溺寧η10r∫，　was　arrested　at　a　high　temperature　and　that　the　a1Test　occu1Ted　d面ng　G2（CHAPTER

1）．Hemocyte　proliferation　reverted　to　the　normal　state　followi皿g　a　reduction　in　temperatUre　f『om　38

to　26℃．　This　reflects　the　situation　hl　BmN　ceils（cell　cycle　progression　was　recovered　by　a

temperature　shift　fro皿38　to　26°C）．　F1］ぽ也ermore，　high　phesphorylation　level　of　Cdc2　was　observed

in　both　heInocytes紐d　BmN　cells（Fig．3－6エThese　in　v匡wo　and加v匡加o　data　indicate　that　a

heat－induced　cell　cycle　arTest　occurs　in　Bombyx　cells，　resulting　i皿developme皿ta目磁b垣on・

　　　In　Lepidoptera　and　otlier　insectS，　fluctUations　in　hemocyte　number　are　influenced　by　the　release

of　hemocytes　from　the　hematopoietic　orgari　and　attachme”t　of　the　cells　to　tissues（Tu　et　ai・・2002；

Okazaki　et　al．，2006）．　The　number　of　hemocytes　in　circulation　can　change　rapidly　in　response　to

s仕ess，　wo㎜ding，　or遜ec目on［Ratcli旋ε’σ1・・1985；Laclde・1988）・As　high　temperatures鍵e　a
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source　of　stress　for　insects，　it　is　possible　that廿1e　number　of　hemocytes　was　directly　altered　by　the

change　in　temperature．　l　l　fact，　a　two－to　three－fold　increase　in　hemocyte　density　was　observed　after

momentarily　immersing　a　silkworm　in　water　heated　to　50－55°C（Ni伽no，1960）．　However，　I

observed　a．decrease　in　hemocyte　density　following　exposure　of　silkworm　larvae　to　38℃for　24　h．　I

also　con㎞ed　that　shoπ一tem　expos皿e　to　38°C（fbr　2　h）did　not　induce　a　significant　change　in

hemocyte　density（data　not　shown）．　The　decrease　in　hemocyte　density　at　38°C　rnay　be　due　to　a　cell

cycle　arrest　accompanied　by　an　i　lcrease　in　hemolymph　volume　caused　by　feeding　instead　of　being

due　to　attac㎞ent　of　the　cells　to　tissues．　Nakahara　et　a『．（2003）suggested　that　hemocytes　are

supplied　from　the　hematopoietic　organ　imrnediately　before　ecdysis　and　throughout　the　feeding

period．　The　hemocytes　in　the　hematopoietic　ergan　may　stop　proliferating　at　38°C，　and　the　number　of

cells　released丘om　the　organ　Inay　also　decline．　The　distribution　of　llemocyte　types　changed

dynamically　when　the　Iarvae　were　reared　at　38°C；the　percentages　of　granulocytes　and　sphemlocytes

decreased，　while　the　percentage　of　plasmatocytes　increased（Fig．3－5B）．　The　higher　turnover　of

granulocytes　and　sphen110cyteS　may　result　i皿this　distribution　change．
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density蝕1　the　Iarval　hemolymph　at　260r　38°C・（C）The　total　hemocyte　number　per　larva　estimated
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Figure　3－2

　　Effect　of　a　tempera細e　sh量ft　on　body　weight　and　the　number　of　hemocytes正fbu地一instar

silkworm　larvae．（A）Change短1脚惑wei酔t拓110wmg　the　tempera㎞e　s搬（means±SD，　n＝6）．

田，C）Change鐘1　the．total　hemocyte皿㎜ber　fbllowing　the　tempera組re　s櫨t．　The　number　of

hem呼es　w眠stimated丘・m翻許al　we三9ht　and　h・m・c封e　de掘寧・
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Figure　3－3

　　　Detection　of　circulating　mitotic　hemocytes．（A）Silkworm　larvae　in　the　fourth　instar　were　reared

at　26（upper　row）or　38°C（lower　row）．　Hemocytes　were　collected　each　day　and　immunostained　with

an　anti－phospho－histone－H3（Ser10）antiboCly．　The　green　signals　in　immunostaining　indicate

individual　cells　and　bright　green　signals　with　arrowheads　indicate　cells　in　M　phase．（B）The

proportion　ofmitotic　hemocytes（n＝500）．
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Figu　re　3－4

　　　Changes三皿hemocyte　DNA　conte皿t　in　the　fbu血ilstar．　Hemocytes　were　isolated宜om

fburth・instar　silkworm　larvae（three　males　and　three　females）reared　at　26（upper　row〕or　38°C

（lower　row）．　The　DNA　content　of　apProximately　IO，000　hemocytes　was　analyzed　by　LSC；

histograms　were　produced　using　LSC　so丑ware・Absciss4　DNA　content；ordinate・cell　countS・The

DNA　content　indicated　above　each　peak　is　based　on　that　ef　a　spermatogonium（1C）・
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Figure　3－5

　　Changes　in　hemocyte　type　in　the　fburth　instar．（A）Representative　images　of　the　five　types　of

hemocytes　fbund　circulating　in　fburth－instar　silkworm　larvae．　GR－F，　granulocyte　in　the　feeding

phase；GR－M，　granulocyte　in　the　molting　phase；PL，　plasmatocyte；P民prohemocyte；SP，

spherulocyte；OE：oenocytoid．　Scale　bar＝10μm．（B）Hemocyte　composition　in　the　fburth　larval

stage　at　260r　38°C．　The　hemocytes　were　co皿ted　after　LSC（Fig．3－4）（n＝300）．　DNA　content　in　the

granulocytes（C），　plasmatocytes（D），　and　spherulocytes（E）（means土SD，　n＝3）The　types　of

hemocytes　with　each　DNA　content　from　Figure　3－4　were　classified．
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Figure　3－6

　　　Effect　of　temperature　on　phosphorylation　level　of　Cdc2　in　the　siIkworm　hemocyte．　Hemocytes

were　isolated　from　fourth－instar　Iarvae　reared　at　260r　38°C．　The　hemocytes　were　then　dissolved　in

sample　buffer　and　analyzed　by　Western　blotting　using　antibodies　against（A）total－Cdc2（PSTAIRE）

or（B）phospho・Tyr15－Cdc2．　The　blot　presented　is　representative　of　three　separate　experiments．

Blots　were　analyzed　by　Scion　Images．　The　relative　densitometric　readings（IV2＝1）are　presented　in

the　upper　paneL（C）Phosphorylation］evel　of　Cdc2　was　represented　by　dividing　the　densitometric

reading　ofphospho－Cdc2　into　the　total－Cdc2．
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GENERAL　DISCUSSION

　　　1　focused　on　high　temperature　stress　on　insect　cell　cycle．　Tempera血lre，　however，　has　many　effectS

on　insect　development　In　this　chapter，1　present　other　resultS　concerning　temperatUre　effectS　on　the

sillcvvorm　physiology　and　discuss　about　several　aspects　of　heat　ef董已cts　on　insectS．

EffectS　of　high　temperatUre　on　endocri　le　and　nervous　system

　　　i1　this　stUdy，　effe　ctS　of　temperature　on　endoc血e　and　nervous　system　were　excluded　by皿sing　of

㎞sect　cell　Iine　and　the　direct　effectS　on　insect　cells　were　observed．　However，　effectS　on　these

systems　are　not　negligible　in　discussio皿of　the　cell　division　in　the　silkworms．

　　　When　lalvae　at　day　O　of　the　fburth　larval　stage　were　reared　at　34－36°C，　the　Iarvae　failed　to　enter

the　mo］ting　phase　and　continued　to　feed　and　grow　beyond　the　weight　limit　of　the　fburth　larval

stadium（Figs．1－I　and　S－12）．　Furthermore，　newly　ecdysed　larvae　in　the　fburth－instar　which　were

reared　fbr　48　h　at　38。C　and　then　ma血1面ned　at　26°C　also　lost　the　fbu血molting　and　almost　all　the

larvae　changed　to　tri－molter　（a　silkwo皿　molti皿g　three　t㎞es　during　a　larval　period　befbre

me迦・甲h・sis；Fig・．　S－1，　S－2・and・S－3）・N・ni－m・lt…merged・wh・n　larv・・in血・丘rsち・ec・nd…

third　instar　are祀ared　fbr　48　h　at　38°C（Table　S－1）・Moreover，　whe皿the　heat－treated　Iarvae・which

・h・w・dpr・1・ng・d・f・urth－instar・larval・P・ri・d・w・・e珂ect・d　wi血20－hyd・・xy・・dy・・n・・th・　1・・vae
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immediately　entered意e　molting　Phase　and　showed　head　capsule　slipPage（Fig．　S－4）．　These　suggest

that　the　secretion　of　ecdysteroid　from　prothoracic　gland　is　stopped　by　heat　exposure　only　at　the

fburth　instar・Tかmolter　adults　had　smaller　body　size（Fig．　S－2）but　shorter　larval　period　than

tetra－molteL　The　stop　of　ecdystemid　secretion　by　high　temperature　accelerates　the　grow也to　adult

and　the　reproductiVe　behavior．　Normal　mating　and　oviposition　were　observed　in　tri－molter　and　there

was　ne　serious　trouble　in　neXt　life　cycle．

　　　Them訓receptor　ofinsec陪is　present　o皿｛mte！mae　and　probably　whole－body　vibrissae（Chapman

1998）．Many　transient　receptor　potential（TRP）i皿channel　family　proteins　which　have　variable

n㎜bers　of⇒T㎞repea枯㎞the　N　te㎜加al　md　e血bit　a　pu励ve　6一廿鋤smembr紐e　sロuc㈱are

identi五ed血ough　the　animal㎞gdom（Littleton　and　GanetZk｝ら2000；Montell，2003）．　It　is　proposed

that　TRP　family　proteins血nction　as　crucial　sensors　of　temperature．　I　screened丑ombyx

whole－genome　database　fbr　the　homologou5　proteins　to　Drosoρhila　TRP商mily　proteins　and

identified　some　genes．　RT・PCR　cleared　that　these　genes　expressed　strongly　in　bead　and　the　antennae

（d・ta皿・t　sh・wn）．　Al伽u帥m・・e　precise　ex岬m・n細・need・d・it　is　p・ssible　th・ぬe　sense・f’higli

t・mp・・a紬・n・ant・皿・e・・b・血・upPress・d・cdy・t…id　secreti・n・r　s｝舳esi・・加加・ul疏…f

P舳・・acic　g醐紐d恥P1飢t・xperimentS・fb・血w・血d　rev・舳・m・ch皿i・m・・

　　　In也is　way，　it　i・・bVi・u・也at・nd・・血・and・nerv・us・syst・m・ar・a　ffect・d　by　t・mp・・a抽・・C・II

divisi皿in・insectS・is・c。n廿。11ed　by　ecdyster・id　and　juvenile　h・皿・ne（K・yam・・t　aiユ004；T・uman
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et　al・2006）・　lt　iS　possible　that　high　temperature　changes　hormenal　regulation　i皿silkwo皿larvae　and

then　inhibits　cell　division　of　the　hemocytes．　However，　arrest　of　ce皿cycle　in　G2　phase　and　high

phosphorylation　level　of　Cdc2・were　obserΨed　in　hemocytes　of　heat・treated　silkworm（CHAPTER　3），

in　agreement　with　the．　effectS　of　high　tempera血ure　on　the　cell　line（CHAPTER　l　and　CHAPTER　2）．

These　results　suggest　that　heat－activated　G2ANd　checkpoint　pathway　is　most　significant　causes　for

arrest　of　cell　division　in　hemocytes．

EffectS　of　hig血temperatUre　o皿enzyme　a¢tivi鯉

　　　This　stUdy　propeses廿iat　the　heat－i㎞duced　cell　cycle　arrest　should　be　one　of　the　crucial　causes　fbr

the　growth　arrest　of　i皿sects　under　high　tempera加re　stress．　However，　other　troubles　caused　by　high

tempera帷励ight㎞ibit　si1㎞・oim　growth　together　with　cell　cycle　arrest．　EnZyme　activity　of　living

organism　is　greatly　influenced　by　temperature（Schmidt－Nielse叫1997）．　Denaturation　of　en2y皿es　hl

the　silkworm　is　most　likely　to　prevent　the　growth・From　this　reason，　stabilities　of　activi目es　aga血1st

t・mp…鯉・were　exam血・d垣t㎞・e丑・mbyx・剛…㎜y畑ph・・ph・ユ鋤d廿・h趣e（Fig・

S－5）、Ph・・pha臨紐d甘・halas・・c廿噂㎞・・eas・d嚇t・mperatUre　but醐yl蹄・ctivity　h・d　th・

high・・t　p・mt　at　26－30・C，　n㎜・ly・ptical　t・mp・・a賦・f醐ylas・was・・rr・lat・d髄ad・quat・

t。mp・伽・f・r・silkw・m・ぽ・w血．　Tbe・e…趣・uggest血at㈱卵…f・叩・a「e　eXistence　in

血、e、tS、　Typ・li緬・叩・wh・se　a・輌in・・㈱d　wi也t・mp・・a仙・曲d　i・mt　related　t°血e
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i皿sect　activity．　Type　2　is　an　e皿yme　whose　activity　is　correlated　w愉growth　temperature　of　insects．

Because　of　a　few　examined　enZymes，　it　is　not　clear　which　type　of　enzZyme　is　the　maj　ority　in’insectS．

However，　the　eXistence　of　type　2　may　induce　9rovvth　a∬est　of　insectS．　B　oth　types　of　enZyme　retained

their　activity　for　at　least　l　h　at　38°C（Fig．　S－6）but　the　total　activity　decreased　in　silkWorns　reared　at

high‡emperatUre（Fig．　S－7）、　EnZyme　activity　also　decreased　in　starved　silkworms　at　high

temperatUre（Fig．　S－8）．　Since　enzymes　are　markedly　consumed　under　high　temperature　condition，

silkwo描s　might　be　deficient　in　enzymes，　become　ffailty，　and　fmally　die．　The　growth　arrest　of

heat－treated　silkworms　is　possibly　caused　by　various　facters血1volved　in　cell　cycle　arresちenZyme

inactivity，　a皿d　so　on．

CeU　eycle　arrest　i胞血sect　eeU　eaused　byΨarious　stresses

　　　Cell　cycle　arrest　in’G2　phase　was　also　observed　wben　B血N　cells　cultured　at　low　temperatures

（CHAPTER　1）．　Moreover，　low　temperature　induced　phosphorylation　ef　P38　and　accumulation　of

ph・・ph・醐・d　Cd・2・（Fig．　S－10）・Alth・ugh血e・effectS・ar・w・ak・・輪血・・e・鮒頭tempera紬e・

血ese，esUltS・sh。w　tha出e　same　mech画sms　as　h・at一杜eat・d　cel1　cycle　arrest　are　activated　by　1・w

t・mp・・a㈱・廿essエee・t・aL（2005）sh・wed血at・il㎞・m曲i・・ed・□n　pe頑das・・whi・h　was　an

鋤ti。Xid、nt・卿e，　wおmdu・・d　by　l・w・面坤t・mp・・a加e蜘ulu・・Detec廿・n・f・ea・tiv・・xyg・n

speci・・（ROS）u・ing・DCFH－DA　w・uld　di・・1・・e　whether・典tive　st「ess　causes　cell　cycle　a「「est　at
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lOW　temperature．

　　　Continuation　of　insect　cell　cul加re　to　confluent　also　induced　cell　cycle　arrest　in　G2　phase（data

not　sho㎜）．　The　strong　fluorescence　was　detected　in　condensed　cells　by　treatment　with　DCFH－DA，

resulting　that　ROS　generated　in　those　cells．　Cell　cycle　arrest　in　conflue皿t　cultures　as　welI　as

heat－exposure　cult正皿es　is　presumably　caused　by　oxidative　stress・

　　　hlf已tion　of　i皿sect　cell　lines　vvith、A　utographa　cahforniea　multiple　nucleopolyhedrov㎞s　resulted　in

mcreased　IeΨels　of　Upid　hydroperoxides　and　protei皿carbonyls　which　were　the　evidence　of　oxidative

stress（Wia皿g　e’al．，2001）．　On　the　other　hand，　cell　cycle　arrest　of　BmN　cells　at　G2瓜d［phase　occurs　in

Bombptx　栩ori　nucleopoIyhedrovi1蝋　　（BniNPV）　i皿fection　（耳aluchamy　and　Gopinathan，　2005）・

F舳，m。re，　KatSum・et・aL（2007）sh・wed　ph・sph・rylati・n・f　p38　w品・b・erv・曲BmN・ell・

infected　with　BmNPV．　In　these　pomts，　there　is　close　relationship　between　generation　of　oxidative

stress　and　G2　arrest　in　viral　infection　ef　i皿sect　cells．

　　　Additional1｝㌦Ifbund　that　deficiency　of　calcium　induced　G2　arrest　in　BmN　cells（Fig．　S－9）．

Although　relationship　between　calcium　deficiency　and　oxidative　stress　are　unknown，　detection　of

R（）S杣gDCFH－DA　・nd・P38　ph・sph・rylati・n　using　We・t・m　Bl・血g　w・uld・lucidate’ 狽?

mechanisn1．　　　　　　　　　　　　　　　　　　　　　　．

　　　Fujiw、，a　，t　al．　・rep・rted’舳tempera加e－d・p・nd・nt　activ・ti・n・f　ERK　and　P38・ccurred　in

embryonic　diqpause　initiation　and　te皿inadon　in　Boη2輌　（2006）．　S　low　accumulation　of
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phosphorylated　p38　was　observed　in　BmN　cells　by　low　tempera加re　stress　at　lO°C（Fig．　S－10）．　ln

initiation　or　termination　of　diapause　rnay　be　regUlated　by　reactivity　of　MAPKs　to　temperature　shift．

Interestingly」most　cells　of　diapause－destined　embryos　are　arrested　during　the　G2　cell　cycle　stage

（Nakagaki　et　al．，1991）．　lt　is　possible　that　same　mechanism　act㎞G2　arrest　caused　by　both　high

temperatUre　stress　and　diapause．

Differences　in　tolerallce　to　temperatUre　among　Ben吻X・strains

　　　Many　silkworm　races　and　strains　are　present…md　maintained．　A　Chinese　strain，　Shooエ』was　used

in　this　study　and　the　hemocyte　prolifbration　at　high　temperature　was　examined．　The　same

experiment　was　also　perfbrmed　using　a　subtropical　strain，　N4，　resulting　that　there　was　a　little

difference　between　these　strahls．　At　36℃，　larval　body　weights　of　both　strains　were　hlcreased（Fig．

S－12A）．　On　the　other　band，　the　number　of　hernocytes　was　increased　in　N4　but　suppressed　in　Shoon

（Fig．　S－12B）．　Additionall｝r，　N4　showed　late　head　capsule　slippage　while　Shoen　continued　to　feeding

without　ente血g　molting　phase．　These　resultS　suggest　that　cells　in　N4　are　more　resistant　to　high

temperatUre　stress　than　in　Shoon．　Synthesis　of　antioxidant　enzyme　eccurs　in　sillc）worm　at　stress

temperatures（Lee　et　al．，2005），　namely　silkwomls　have　resistant　mechanisms　to　high　temperature．

Co皿side血1g　that　high　temperatUre　induced　oxidative　stress　and　cell　cycle　arrest　in　Bombyr　cells，　it　is

speculated　that　N4　is　more　tolerant　to　heat－induced　oXidative　stress　than　Sheon．　Interesting　results
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would　be　obtained　to　compare　the　expressions　of　antioXidant　enzymes　betWeen　both　strains．　Taking

advantage　of’abundant　strains，　the　properties　of　thermal　toleramt　strains　are　expected　to　be　oleared．

lnfiuenee　of¢ell　cycle　arrest　o皿insect　growth

　　　In廿1is　study，　the　effectS　of　temperature　on　proliferation　of　insect　cell　line　were　investigated　to

understand　the　effectS　of　temperature　on　msect　growth．　Although　use　of　BmN　cells　simplifies　the

temperature　reactions　in　silkwonns，　there　is　a　question　whether　the　reactions　reflect　that　of　in　v匡vo

cells．　Heat－induced　cell　cycle　arrest　was　observed　in　silkWorm　hemocytes　as　well　as　BmN　cells

（CHAPTER　3）．　Cell　cycle　arrest　of　hemocyte　is　possibly　caused　by廿1e　same　mechanism　as　BmN

ceIIs．　The　silkwoTM　fed　anificial　diet　containing　cell　cycle　mhibitQr，　hydroxyure叫halted　both

hemocyte　proliferation　and　the　body　weight　gai　1（Fig．　S－11）．　This　result　represents　close　relationship

between　cell　cycle　arrest　and　growth　a皿est　of　silkWorms．　However，　increase加larval　body　weight

was　observed　at　impaired　temperature　for　hemocyte　proliferation（Fig．　S－12）．　Since　the　expression

levels　of　antioxidant　emPes　diffヒr　in　silkwonn　tissues（Lee　et　a∫・，2005；Yamamoto　et　a『・・2005）・

the　se皿sitivity　to　high　temperature　presumably　differ　in　cell　types・　It　is　important　to　con血皿the

heat－induced　arTest　of　cell　division　in　various　tissues　using　M　phase　marker，　anti－phospho－

hi、t。n，．H3（S，，1・）加tib。d畑is　ve櫛cati。n　w・uld　p・・vid・evid・n・・血・t血e　cell・y・1・arrest・by

high　temperatUre　is　common　phenomeno皿in　silkworm　cells　and　clear　correlation’　betWeen　cell
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SUPPLEMENTAL　FIGURES　AND　TABLES
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Figure　S－1　　　　　　　　　　　　　♂　　　　　　♀

　　　Precocious　metamo叩hosis　in　the　silkworrns　by　high　temperature．8α励川ηα・∫silkwom　larvae

Shoon　were　reared　on　an　artificial　diet　under　12　h　light　and　12　h　darkness（12L－12D）photoperiod　at

25°Cuntil　the　third　instar．　Twenty　newly　ecdysed　larvae　in　the　fburth　instar　were　then　transferred　to

aplastic　case（20．5　cm　x　l　5．O　cm×5．2　cm）and　reared　at　260r　38°C　without　light　fbr　48　h．　Then，

the　Iarvae　were　maintained　at　26°C．　Heat　treated　larvae　continued　feeding　fbr　8　days　and　then

metamorphosed　to　pupae（tri・molter：asilkworm　molting　three　times　during　a　larval　period　befbre

metamorphosis），　while　control　larvae　elltered　the　Iarval　molting　phase　and　showed　head　capsule

slippage　after　2　days（tetra－moher）．（A）Photograpl〕s　of　larvae　in　the　fOurth　molting　phase（left）and
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　i－．．

Iar草aelj皿st　befb賠precqCiOUS　me撫QrPhosis（1ight）．　UPPer　lane：male，10wer　Ia草e：免male．　Scale　bar

＝1cm．（β）M痴迦迦，body　／wejght．of也e’fo血壺1齪却・S靱e（血eanSI±SD，　n＝16）．
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Figure　S－2

　Characteristics　of　tri－molter　caused　by　high　temperatUre．（A）Phetographs　of　adul輪pup隅and

cocoon．　Upper　lane：tetra－molter，　lower　lane：tri－molter．　Scale　bar；icm．（B）Sizes　of　eggs　laid　by

tri－molter（right）or　tetra－molter（left）．　Scale　bar　＝　O．5　cm．（C）Number　of　eggs　laid　by　tri－molter　or

tetra－molter（means土SD，　n＝9）．
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Tri・motter

Oh　24h　48h　72h
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TYpe・A T）rpeB

　　Occurrence　of　tri－molter　by　high　temperature．　TWenty　newly　ecdysed　larvae　in　the　fburth　instar

were　transferred　to　a　plastic　case（205　cm×15．O　cm　x　5．2　cm）and　reared　at　38°C　without　llght　fbr

三ndicated　times．　A丘er　heat　treatment，1arvae　were　maintained　at　26°C．　Effect　of　heat　exposure　time

on（A）occuπence　of　tri－molter，（B）tri－molter　pupation，　and（C）the　emergence　to　adult．（D）

Abnomal　pupation　oftri・molter　by　heat　treatment　fbr　72　h．　Scale　bar＝0．5　cm．
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Stage ll Iet『a－molter（％）　Tri一皿dter（％） Dead（％）

　　1

　　皿

　皿I

IV（♂）

IV（♀）

80
80
80
40
40

100
100
100

7
　3

0

0

0

89
92

O

o

O

4
5

　　　　　Larvae　at　day　O　of　the　eac血larva1　stage　were　reared　fbr　48血at　38『C．

Table　S・1

　　Effect　of　heat　treatment　on　each　stage　of　larvae．　Larvae　at　day　O　of　the　each　larv凪stage　were

reared　at　38℃for　48　h　without　light．and　then　transferred　to　26°C．
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Figllre　S－4

　　Effect　of　molting　hormone　on　heat－induced　tri－rnolter　larvae．　Newly　ecdysed　larvae　in　the　fourth

instar　were　reared　at　38℃fbr　48　h．　These　heat－treated　larvae　were　mostly　destined　to　undergo

metamorphosis　without　the　fourth　molting（Table　S－1）．　After　transferred　to　26°C，　the　larvae　were

injected　with　20－hydroxyecdysone（20E）at　the　indicated　time．　Head　capsule　slippage（HCS）is　a

signal　ofthe　beginning　of　larval　molting　process．　Spinning　is　a　signal　ofthe　beginning　of　pupation．
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Figure　S－5

　　0pi　nal　temperature　for　severa1　enZyme　activities　in　the　silkWorm．　Silkworms　were　reared皿an

artificial　diet　under　a　12L－12D　at　25°C　until　day　l　of　the　fifth　larval　instar．　The　hemolymph（five

males　and　five　females）was　collected丘om　incisions　made　in　the　abdominal　legs　and　centrifUged　at

4．OOO　rpm　for　10　min　at　4°C　to　remove　hemocytes　and　debris．　The　supernatant　vvas　used　as　enZyme

501ution　fb臼mylase　and　phosphatase．　For　a皿alysis　of　trehalase　actiVity，　midguts　were　dissected（five

ma　les　and　five　females），　washed　with　cold　DDW　and　collβcted　in　a　l．5　ml　tube　on　ice．　The　midguts

were　added　wi血an　equal　volume　of　DDW，　homogenized　on　ice　and　centrifUged　at　3，000　rprn　for　5

min　at　4°C．　The　supema白nt　diluted　two－fbld　with　DDW　was　used　as識yme　solution．（A）Amylase
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activity　in　hemolymph　was　measured　by　usmg　an　amylase　assay　kit　obeyed　Iodo－Starch　method

（Wako　Pure　Chemical正ndustries）．　Fiveμl　of　enzyme　solution　was　added　to　l　OO　pl　substrate　solution

preincubated　fbr　l　O　min　at　various　measurement　temperatures　and　then　mixed　welI．　The　mixture　was

incubated　for　15　min　at　various　temperatures　in　a　water　bath　and　then　added　with　color　de’velopment

solution．　The　reacted　solution　was　placed　imnediately　into　a　well　ef　a　96－well　microplate．　The

absorbance　at　655　nm　was　measured　using　a　lvficroplate　lmaging　System（Bio－Rad，　Laborateries）．

Amylase　activity　is　c…ilculated　by　the　Caraway　method（Caraway，1959；means土SD，　n＝3）．（B）

Phosphatase　activity　in　hemolymph　was　measured　by　the　fb110wing　method．　Twenty　pl　of　O．05　M

p－nitrophenylphosphate　disodium　salt　solution　was　mixed　with　40　p．l　of　acetate－sodium　acetate

buffer　solution（pH　4．7）and　the　substrate　mixture　was　preincubated　at　measurement　temperatures　for

10m拍．　After　the　substrate　solution　was　preincubated　fbr　10　min，5pl　of　enzyme　solution　was　added

to　the　solutio皿and　mixed　well．　The　mixture　was　incubated　fbr　l　5　min　at　various　temperatures　in　a

water　bath　and　then　added　with　l　ml　ef　O．1　M　Na2CO3　selution　to　stop　the　enzyme　reaction．　The

reacted　solution　was　placed　immediately　into　a　well　of　a　96－・well　microplate，　and　then　the　absorbance

at　415　nm　was　measured．　Phosphatase　activity　is　represented　by　the　absorbance　at　415　nm　which

shows　p－nitrophenoI　amou皿ts　produced　by　phosphatase（means士SD，　n＝3）．（C）Trehalase　actiVity

in　midgutS　was　measur。d　by血，　t。ll。杣g　m，th。d．’IXNenty　pl。f　a、etate－s。dium　acetate　buffer

solution（pH5．6）was　mixed　with　equal　volume　of　O、e5　M　trehalose　solution．　After　the　substrate
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solution　was　preincubated　for　10　min，20　pl　of　enZyme　solution　was　added　to　the　solution　and　mixed

well．　The　miXtt皿e　was　incubated　for　15　min　at　variouS　tempera加res　and　then　boiled　fbr　5　min　to　stop

the　reaction．　The　reaction　m鮎由1re　was　ice－chilled　and　’centrifUged　at　15，000　rpm　fbr　5　mm　at　4°C．

The　amo皿t　of　glucose　produced　by　trehalase　was　measured　by　using　Glucose　C2　kit　obeyed

Mutarotase－GOD　metbod（Wako　Pure　Chemical　lndustries）．　The　10　pl　of　supernatant　was　added　to

the　500　pl　ef　color　reagent　preincubated　for　10　min　at　37°C　and　mixed．　After　incubation　for　5　min　at

37℃，the　reacted　miXture　was　placed　immediately　into　a　well　of　a　96－well　microplate　and

absorbance　at　490　nm　was　measured．　Trehalase　activity　is　represented　by　the　absorbance　at　490　nm

which　shows　glucose　amoumtS　produced　by　treha　Iase（means±SD，　n＝3）．
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Figure　S－6

　　S励ility　of　silkworm　en型ymes｛培ainst　tempera㈱．　EnZyme　solu施n　wa5　incubated　for　1　h　at

v蹟ous　temperatures　and目1en　en客yme　activities　were　measured．　Each　enzyme　assay　was　fbllowed

by　the　methods　described　in　figure　S－5．　AlI　enZyme　reactions　vvere　performed　at　26℃．（A）Amylase

activity，（B）Phosphatase　activity，　and（C）Trehalase　activity（means±SD，　n＝3）．
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Figure　S－7

　　　EnZyme　activities　in　silkWorm　1｛irvae　reared　at　various　temperatures．　Silkwomls　at　day王of　the

血al　larva　1　stage　were　reared　on　aii　artificia1　diet　for　24　h　at　indicated　temperatUres　Without　light　and

then　enZyme　solutions　were　prepared仙ree　males　and　three　fbmales）．　Each　en2yme　assay　was

followed　by　the　methods　described　in　figure　S－5．　All　enZyme　reactions　were　performed　at　26°C．（A）

Amyla呂e　activity，（B）Phosphatase　activit｝～and（C）Trehalase　activity（mea皿s圭SD，　n＝3）．
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Figure　S－8

　　　EnZyme　activities　in　silk7worm　larvae　starved　at　various　temperatt皿es．　S　il㎞・oms　at　day　l　of　the

且nal　Iarval　stage　were　incubated　without　artificial　diet　fbr　24　h　at　indicated　temperatures　and　then

enZyme　soluti皿s　were　prepared（three　males　and　three　females）．　Each　enZyme　assay　was　fbllowed

by　the　methods　described　in　figure　S－5．　All　en型yme　reactions　were　performed　at　26°C．（A）Amylase

actiVity，（B）Phosphatase　activity」｛md（C）Trehalase　activity（means土SD，　n＝3）．
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Figure　S－9

　　Calci迦deprivati皿effect　on　cell　cycle　of　BmN　cells．　BmN　cells　were　maぬined㎞IPL41

medi㎜σRScien髄c，㎞c．，鞠od1紐d，　CA，　USA）supplemented舳10％fetal　bovine　serurri　and

1％antibiotic－antimycotic　at　25°C．　The　medium　was　exchallged　to］［Pレ41　medium　without　CaCl2

（－Ca），　FB　S（－Se㎜）or　bo也（－Ca，－Se㎜）．　For　calciurn　chelation，　o，　o’・bis（2・a鞭oethyD

ethyleneglycol－N，　N，　N’，　N’－tetraacetic　acid（EGTA；¶Vako　Pure　Chemicai　lnd耐ries）was　added　to

the　medium　to　a　fi皿al　concentration　at　10mM（＋EGTA）．　After　incubation　for　72　h　at　26°C，　cell　cycle

amalysis　was　perfbmed（see　CHAPTER　I，　MATERLALS　AND　METHODS）．　The　percentages　of

ce§cyc至e　in　G　i　and　G2／M　p｝mse　are　indicated　above　each　peak（a：apoptotic　ce韮ls　or　cell　debris）．
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Figure　S－10

　　The　effect　of　low　temperature　on　p38　and　Cdc2　phosphorylation．　BmN　cells　were　cultUred　fbr

indicated　time　at　I　O℃．　The　cells　were　then　dissolved　in　sample　buffer　and　analyzed　by　Western

blotting　using　antibody　against（A）phospho－p380r（B）phospho－Tyr15－Cdc2（see　CHAPTER　2，

MArERIALS　AND　METHODS）．
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Figure　S－11

　　　Effect　of　high　temperatUre　and　hydroxyurea　on　hemocyte　proliferation．（A）Newly　ecdysed

silkworm　larvae　in　the　fourth　instar　were　reared　on　an　artificial　diet　at　260r　38°C　without　light．

Hydroxyurea　was　supplied　by　dropping　the　l　mM　solution　on　an　artificial　diet．　Fresh　food　was　fed

each　day　to　avoid　deterioratie皿of　hydroxyurea　and　the　Iarvae　were　reared　at　26℃．　The　weight　of

each　larva（three　males　and　three　fema　Ies）was　measured　every　day（means±SD）．　The　timing　of

head　capsule　slippage（HCS）is　indicated　by　closed　arrowhead．　No　Iarvae　fed　with　the

hydroxyurea－m三xed　diet　or　reared　at　38°C　entered　the　molting　phase　for　4　days．（B）The　totaI

hemocyte　number　per　larva　estimated　by　multiplying　the　cell　density　in　the　hemolymph　by　the
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estimated　hemolymph　volume（approXimately　30％of　the　larval　body　weight；see　CHAPTER　3，

MATERIALS　AND　METHODS）．
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Figure　S－12

　　　Comparison　of　hemocyte　proliferation　between　Bomb：ux　strains．（A）Shoon　and　N4　were　reared

o皿aii　artificial　diet　unti1　the　ti血d　instar．　Twenty　newly　ecdysed　larvae　in　the　fourth　instar　were　then

transfbrred　to　a　plastic　case（20．5　cm　x　I5．O　cm　x　5．2　cm）and　reared　at　36°C　without　light　and

individual　larval　weights　were　measured（means±SD，　n＝6）．　Head　capsule　slippage　was　not

observed　in　both　of　strains　for　4　days、　AIthough　N4　shows　late　head　capsule　slippage　at　day　5，　they

垣led　to　ecdyse　and　died　with　body　color　cha皿ging　frem　yellow　to　orange．（B）The　total　hemocyte

number　per　1arげa　es甘mated　by　multiplying血e　cell　density　i曲e　hemolymph　by血e　es廿mated

hemolymph　velume（approximately　30％of　the　larΨal　body　weight；see　CHAPTER　3，　MATERIALS

AND　METHODS＞
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Figure　S－13

　　Changes　in　hemocyte　DNA　content　in　the　starved　larvae．　Hemocytes　were　isolated丘om　newly

ecdysed　larvae　i皿the　fourtli　instar（IVO・O　h）or　the　larvae　starved　fbr　24　h　at　26℃（rVO－24　h）．　The

DNA　content　of　approximately　IO，000　hemocytes　was　analyzed　by　LSC（see　CHAPTER　3，

MATERLALS　AND　METHODS）．
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● ●

CONCLUSIONS

　　　In　this　study，　effectS　of　high　temperature　stress　on　insect　cell　were丘1vestigated．　Us㎞g　insect

cultUred　cell　system，　the　cell　cycle　’arrest　in　G2　phase　caused　by　high　temPerature　was　observed．　The

arrest　mechanism　is　indicated　on　Figure　C－1．　High　temperature　stress　induced　reactive　oxygen

species　generation　in　BmN　cells．　The　oxidative　stress　caused　damage　to　protein，　lipid　membranes，

and　especially　DNA．　These　oxidative　stresses　activated　G2「M　checkpoint　pathway　mediated　by　p38

MAPK．　Phosphorylated　p38　probably口1activated　Cdc25　phosphatase，　resulting　that　phosphorylated

Cdc2　accumulated　in　BmN　cells．　The　accumulation　of　inactive　Cdc2　inhibited　transition丘om　G2　to

Mphase、　The　same　or　a　similar　mechanjsm　probably　occurred　in　hemocytes　of丑om　byx　larvae　reared

under　heat　stress　conditio皿、　I　concIude　that　the　cell　cycle　arrest　in　G2　phase　by　high　temperature

s廿ess　is　a　main　reason　Ibr　growth　arrest　of　insects㎜der　high　temperature　condition．
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Figure　C－1

　　Checkpoint　pathway　activated　by　high　temperatUre　stress　in　insect　cells．　The　pathway　concluded

in　this　stUdy　is　enclosed　by　dotted　line．　ROS：reactive　oxygen　species，　IR：lonizing　radiation，　UV：

ultraviolet　radiation．
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